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Cancer is one of the top life-threatening dangers to the human survival,
accounting for over 10 million deaths per year. Bioactive glasses have
developed dramatically since their discovery 50 years ago, with applications
that include therapeutics as well as diagnostics. A new system within the
bioactive glass family, mesoporous bioactive glasses (MBGs), has evolved
into a multifunctional platform, thanks to MBGs easy-to-functionalize nature
and tailorable textural properties—surface area, pore size, and pore volume.
Although MBGs have yet to meet their potential in tumor treatment and
imaging in practice, recently research has shed light on the distinguished
MBGs capabilities as promising theranostic systems for cancer imaging and
therapy. This review presents research progress in the field of MBG
applications in cancer diagnosis and therapy, including synthesis of MBGs,
mechanistic overview of MBGs application in tumor diagnosis and drug
monitoring, applications of MBGs in cancer therapy ( particularly, targeted
delivery and stimuli-responsive nanoplatforms), and immunological profile of

1. Introduction

As the second leading cause of death world-
wide, cancer is a complex disease group
that is still largely incurable.!! Multiple
strategies, including surgery, chemother-
apy, radiotherapy, hormone therapy, and tar-
geted therapies, have been developed due
to high mortality and morbidity resulting
from cancer.l?] Surgery is a mostly used ap-
proach for initial stages when cancer cells
have not diffused to distant cells and tis-
sues. However, in the later stages of can-
cer, surgery is not often recommended
due to its invasive nature.>=! Chemother-
apy uses chemicals to kill or block the
growth of undetectable cancer microen-
vironment and free cancer cells and re-

MBG-based nanodevices in reference to the development of novel cancer

therapeutics.

strict their migration. As cancer cells grow
and progress faster than the healthy ones,
they are the most likely targets to be
affected by chemotherapeutics. However,
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chemotherapeutics does not differentiate between cancer and the
healthy cell types.[®) These unwanted side effects call upon the
need for novel methods to increase the potential of chemother-
apy, such as using controlled delivery systems or combination
therapy with other antitumor agents.”8! Moreover, for those pa-
tients who cannot benefit from surgery or radiotherapy, hormone
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therapy provides an efficient treatment to slow or stop the growth
of hormone-dependent cancers. However, as hormone therapy
changes the levels and function of hormones, it can lead to un-
wanted side effects and organ dysfunction.!

Although conventional therapies have provided considerable
Dbenefit for removing primary tumors, incidence of cancer relapse
are still a frequently encountered that result from remaining ma-
lignant cells and the presence of cancer stem cells. Therefore,
alternative treatment strategies warrant eradication of the resis-
tant cancer cells.'% Nanotechnology has established a cutting-
edge framework for developing unique materials with tailored
characteristics and translational potentials in cancer diagnosis,
screening, and treatment. Nanotechnology, primarily based on
nanoparticles, has a role in innovative cancer treatment method-
ologies such as targeting delivery, photothermal therapy, and pho-
todynamic therapy.[''1 There is a growing interest in the devel-
opment of targeted therapies for cancer. These promising strate-
gies employ drugs and active biomolecules to identify and target
tumor cells more precisely and effectively.['®] Concerning most
solid cancers, photodynamic therapy (PDT) has emerged as a
possible therapeutic alternative owing to its high specificity and
low risk of adverse effects compared with conventional thera-
pies. Photothermal therapy (PTT), fundamentally an extension
of photodynamic therapy, is a noninvasive treatment approach
with high selectivity toward solid tumors.['7:1]

In recent decades, bioactive glasses (BGs) have been intro-
duced as multifunctional systems for various applications, in-
cluding soft and hard tissue engineering, angiogenesis, ortho-
pedic implant coatings, and drug/growth factor delivery.**! BGs
are synthetic biomaterials with exceptional characteristics such
as biocompatibility, controllable degradation rate, osteoconduc-
tivity, besides exhibiting antibacterial and angiogenic attributes.
Furthermore, they can be reinforced with various biologically ac-
tive elements, such as magnesium, zinc, strontium, and fluorine,
allowing a broad scope of functions and applications.2°]

Mesoporous bioactive glasses (MBGs), as a special class of
BGs, have attracted considerable attention to target cancer cells
with excellent stability and high drug loading capacity present-
ing a controlled drug release system into the malignant tumor.[?!]
MBGs possess a similar structural and textural characteris-
tics compared with silicate-based mesoporous materials besides
sharing similar composition as conventional bioglass.[??] Their
capability remains limited to the delivery of antitumor, anti-
inflammatory, antibacterial drugs, and other therapeutics such
as genes, peptides, and growth factors.[?224] Facile synthesis tech-
niques have been developed to provide MBGs with controllable
drug delivery capability, high drug encapsulation efficiency, and
drug loading capacity. Ion released from MBG have been also
shown to contribute to specific therapeutic outcomes, both in
tissue engineering!®® and cancer therapy.?’! Cost-effectiveness,
greater sustainability of MBGs, and their controllable features
make them potential systems for antibacterial, tissue engineer-
ing, and cancer drug delivery applications.!?%?’] Moreover, MBGs
enable the simultaneous delivery of therapeutic ions and drugs
delivery to synergistic outcomes.[??!

The promising applications of MBGs as easy-to-use vehicles
for the targeted delivery of desired therapeutic and diagnostic car-
gos have been documented in a limited number of studies.[29-3¢]
Such emerging encouraging results indicate that these nanoscale

2102678 (2 0f44) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

: surface area

[y
[y
[y

. High drug loading
s, capacity

Ultrahigh specific | «—— Feature; of MBGs —»

www.advancedscience.com

Affordability and | ,
biodegradability | :

?
’
.
g

Excellent stability and i
biocompatibility ;

Easy synthesis
and manipulation

Regenerative medicine
<A

Applications
of MBGs

|

Diagnostic imaging

Stimuli-responsive
drug delivery

Figure 1. An overview of mesoporous bioactive glass (MBG) properties and their potential biomedical applications.

materials should widely be deployed soon to realize their poten-
tials. Due to the unique physicochemical properties of MBGs, a
considerable number of multifunctional nanoplatforms for ther-
anostics (the combination of a diagnostic signal with a thera-
peutic effect) can be designed and developed.?}] In this regard,
their well-defined mesoporous structure with adjustable porosity,
pore-volume, surface area, size, shape, as well as their easy syn-
thesis and surface modification, make MBGs ideal candidates in
targeted cancer therapies.*’]

This review covers the recent advancements, challenges and
prospects of different strategies for the synthesis of MBG nanos-
tructures and their applications in tissue regeneration and drug
delivery for cancer treatment (Figure 1). Although the applica-
tions of bioceramics in cancer therapy have already been pro-
posed for over a decade,®®*! there have been tremendous ad-
vances in the past few years, particularly in the development of
MBGs as a potential next generation biomaterial. In this regard,
the main focus of this article is on stimuli-responsive systems
based on MBGs with diagnostic imaging and/or therapeutic pur-
poses that have been conjugated with various biomolecules such
as antibodies, peptides, and aptamers to improve specific deliv-
ery to tumors or tissues. These strategies along with the broad
range of advantages of MBGs such as versatility, nontoxicity, bio-
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compatibility, and biodegradability, aimed to reduce side effects
and enhance therapeutic efficacy through more precise cancer
treatments. Moreover, the immunogenicity and potential toxicity
of MBGs are outlined. We have then provided insight into chal-
lenges and perspectives in the field of MBGs to highlight current
and future research areas with relevance for paving the way for
clinical translation.

2. The Significance of MBGs: Overview on the Role
of Cancer Treatment

In recent years, considerable research efforts have been directed
to develop nanocomposites based on BGs with enhanced thera-
peutic agent delivery.[***2] MBGs with highly ordered pore struc-
tures have been prepared in various shapes, from discs, fibers,
and spheres to composites and scaffolds.!?243] Compared to non-
porous BG materials, MBGs have a higher surface area and
pore volume, allowing them to carry larger quantities of drug
molecules and to enable more sustained release durations.!*!]
Synthesis parameters, including temperature, reaction time, pH,
and concentration of template, are crucial to tune the mesostruc-
tures of MBGs.[**] These MBG characteristics ultimately al-
low for the highly efficient loading of diverse hydrophobic and

2102678 (3 0f44) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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hydrophilic agents toward well-controlled delivery applications.
Moreover, the ease of synthesis and scale up make MBG being
highly desirable for industrial applications.[*¢]

The silanol groups exposed on the MBGs surface provide an-
choring points for further modification with different functional
groups via either noncovalent and or covalent binding. Depend-
ing on the type of functional groups applied on the MBGs sur-
face, they can promote drug delivery capabilities and enhance cell
response.?*4748] The bioactivity and biocompatibility of MBGs,
have been widely examined for various biomedical applications.
An ideal MBG should possess excellent biocompatibility and pro-
mote cellular adhesion, dispersion, migration, and proliferation
to enhance tissue regeneration.[*>>% Likely, MBGs must have the
features of a biosafe material to ensure safe drug delivery into
tumor cells with no in vitro and in vivo toxicity.[*>>1]

MBGs usually exhibit higher bioactivity than traditional sol-
gel BGs with a similar composition. For instance, hydroxyap-
atite formation on the surface of MBG 58S is faster than on
conventional sol-gel BG.[**-*2] Taken together, MBGs could be
considered as suitable carriers for local delivery of drugs/factors
due to their ability to interact with specific tissues.[?*2832] These
unique features (e.g., biodegradability, biocompatibility, drug-
delivery, osteogenic, and angiogenic potential) make MBGs de-
sirable candidates for biomedical applications including cancer
therapy.*1°253] In recent years, many preclinical studies have de-
veloped stable MBGs with controlled delivery of drugs, desirable
biosafety, and efficient suppression of tumor growth to pave the
way for clinical applications.3*>+-¢]

Besides MBG applications in different cancer types, special
consideration has been devoted to bone cancer rooting in the
therapeutic/regenerative effects of released ions (Si, Ca, and P)
from the MBGs’ structure. These ions have osteogenic and angio-
genic effects leading to accelerated bone tissue regeneration.!?*]
Bone remodeling is controlled by two forces including bone for-
mation by osteoblast opposed to bone destruction or resorption
by osteoclasts (Figure 2). The intimate interaction between these
cells is an essential element in bone hemostasis; for instance, if
osteoclasts activity dominates, leading to decreased bone mass.
Bone cancer is a complication, as it causes the osteoclast cells to
proliferate and provide protumorigenic growth factors. Moreover,
bone cancer can intensify osteoporosis, accelerating the deterio-
ration of the patient’s condition.[”) Therefore, applying stimuli-
responsivity to MBGs is a suitable approach to deal with bone
cancer. Besides bone defect regeneration, these multifunctional
MBGs, like Fe-containing MBGs, can generate adequate heat un-
der an external magnetic field (EMF) or near-infrared laser (NIR)
to eliminate cancerous bone cells.[%>7]

3. Synthesis of MBGs

Currently, there emerged three conventional methods that are
widely used for the synthesis of porous BGs!®! (Figure 3). Sol-
gel-based strategies provide a low-temperature production of
MBGs with flexible compositions. In this way, metal-organic
and metal salt precursors can be incorporated into the glass
network for therapeutic applications.[®'"%] As an example of
these metals, copper (Cu) has the potential to promote angio-
genesis and osteogenesis on the one hand and add antibacte-
rial and anti-inflammatory properties to the glass composition
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on the other hand.[** Besides, Cu can also import anticancer
properties.l%] Although incorporating silver (Ag) into the MBGs
affects morphology, specific surface area, and textural proper-
ties, this ion has anticancer activity and apoptotic effects against
cancerous cells.[®®%”] Cerium (Ce) has unique chemical, physi-
cal, and biological properties, including angiogenic, anticancer,
and antibacterial.[®®%] Zinc (Zn) is an essential trace element for
the structure and function of several macromolecules with anti-
cancer properties which is caused by its antioxidant properties.!”°!
As a semimetal element, incorporating gallium (Ga) into the
MBG structure is a possible approach to treating certain cancers
thanks to its anti-neoplastic and anticancer activities without any
significant unfavorable response.[”*72]

Sol-gel process has shown flexibility, high yield, and afford-
able synthesis of well-dispersed BGs with full control of the prod-
uct’s composition and structure.[®*7374 By employing structure-
directing agents in sol-gel processing, MBGs with controlled
morphology (e.g., spheres, fibers) can be synthesized. However,
particle aggregation of the resulting MBGs remains the main
challenge to achieving homogenous particle dispersion.[267°]

Evaporation-induced self-assembly (EISA) method, which
comprises block copolymers as nonionic structure-directing
agents, is a commonly applied strategy in sol-gel processing
to construct ordered mesoporous materials.[®] In this process,
changing various parameters such as solvent composition, tem-
perature, and copolymers structures and molecular weights can
influence the porous structure and morphology of MBGs.[”!

The traditional sol-gel and EISA methods mostly involve using
toxic organic solvents and a high-temperature process to fabri-
cate bioactive glass scaffolds with various pore architectures rang-
ing from meso- to macroporous structures.””’8] Conventional
methods require extremes of temperature and pH levels; how-
ever, the bioinspired synthesis of porous materials is performed
in an aqueous solution under ambient conditions. This method
would offer researchers better control over the process of synthe-
sis to optimize silicate-based bioactive glass materials’ morphol-
ogy and chemical properties.l?!7°l There are many advantages
associated with the proposed production method of MBGs, for
example: cost-effectiveness, environmental friendliness, and en-
ergy saving.[*0l

The importance of templates in tuning the physicochemical
properties of MBGs and affecting their bioactivity is critical. Var-
ious templates in different synthesis protocols can be divided
into the following types: linear polymers (polymethyl methacry-
late, terylene, cellulose),®*3! dendritic polymers (polyami-
doamine dendrimer),®?! surfactants such as cetyltrimethylam-
monium bromide (CTAB) and triblock copolymers like (P123,
F127),1498384 sponges (polyurethane),®) emulsions,®) and DNA
(calf thymus DNA)!I”8] (Figure 3). However, ionic surfactant CTAB
and nonionic surfactants made by triblock copolymers based on
polyethylene oxide (PEO) and polypropylene oxide (PPO) such as
P123 ((PEO),,—(PPO),,—(PEO),,) and F127 ((PEO),py—(PPO)s—
(PEO), ) are the most frequently used templates due to their mi-
cellar formation ability.[24]

Depending on the surfactant nature, for instance, the molec-
ular weight, and hydrophilic-lipophilic balance (HLB), as well
as the surfactant concentration, mesoporous architectures in
highly ordered, partially ordered or even totally disordered
manner could be obtained .*”] By way of example, F127 with

2102678 (4 0f44) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Osteoblast and osteoclast cells’ activity in healthy and cancerous bone plus bone cancer treatment through magnetic and light-responsive
materials. A) The Schematic indicates the normal and abnormal functions of osteoblast and osteoclast cells in cancerous bone cells.B) The schematic
illustrates simultaneous bone regeneration and cancer therapy of stimuli-responsive MBGs.

molecular weight of 12 600 Da leads to MBGs with pore size
twice larger than the ones in MBGs obtained through CTAB tem-
plating with much smaller molecular weight (364.4 Da).[%] Also,
the concentration of these templates could also play a pivotal role
in determining the textural properties of MBGs. For example,
it was observed that at 0.4 x 10~ and 0.6 X 10~ M CTAB and

Adv. Sci. 2022, 9, 2102678

2 g P123, respectively, BG formation is not observed due to the
absence of micellization at below surfactant CMC.[8%°]

As a result, commonly used surfactants such as CTAB, P123,
and F127 in the synthesis procedure could produce various
types of pore, such as worm-like, hexagonal, and cubic pore
structures.[!l Moreover, using a particular template via different

2102678 (5 of 44) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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routes of synthesis can also resulted in MBGs of different mor-
phology and textures.[®] In this regard, using surfactants such
as CTAB, F127, and P123 as structure-directing agents for MBG
synthesis, in many studies has resulted in MBGs with diverse fi-
nal mesopore size, volume, and surface area, ranging from 2 to
10 nm, 0.4 to 0.7 cm?, and 150 to 1000 m? g ~!, respectively.l’?]

4. Cancer Diagnosis and Drug Monitoring

The diagnosis and prognosis of cancers, as well as their treat-
ment options, are complex. Early detection of cancers in some
cases can lead to better recovery of patients or even no need for
complex treatments such as surgery, radiotherapy, chemother-
apy, and immunotherapy.?’] Hence, the development of new di-
agnostic methods (noninvasive and minimally invasive) can be
substantial. In cancer diagnosis, patient pathways for presenta-
tion and initial management in the primary care unit are cru-
cial. Delaying the patients to check for symptoms, consulting
with health care professionals, or delaying diagnosis can lose the
golden times of cancer therapy and may reduce the chances of
rescuing patients in the early stages of the disease. Therefore, a
precise and timely cancer diagnosis is a key parameter that im-
proves the prognosis and reduces the cancer patient’s psychologi-
cal distress.®?l In addition to the MBG nanosphere usages in the
cancer diagnosis domain, their applications as modified multi-
functional nanospheres in the field of controlled delivery of can-
cer drugs are also noteworthy (Figure 4).

There is little published research on the diagnostic perfor-
mance of MBGs, although their operating system is similar to
that used in BG-based biomaterials. As such, more research in
this field is expected in the near future. Overall, most of the
cancer diagnostic agents reported in the literature are combined
with hyperthermia therapy, photothermal therapy, tissue regen-
eration, or remedial methods, few studies on diagnostic alone are
addressed in this section.

Adv. Sci. 2022, 9, 2102678

Upconversion nanoparticles (UCNPs) are a subset of nanoma-
terials commonly doped with lanthanide ions. Notable features
of these nanoparticles include the ability to transfer two or more
photons to higher energies. Due to the emission capability of up-
conversion nanoparticles in the visible/NIR domain, they can be
applied with MBGs to monitor and deliver anticancer drugs in tu-
mor cells. The UCNP@MBG nanocomposites showed red emis-
sion, which grants a cavernous tissue penetration for photolumi-
nescence imaging. Zinc phthalocyanine as an anticancer drug ex-
hibiting a broad absorption band with a maximum wavelength of
660 nm. This wavelength is conveniently relative to the emission
spectrum of Er**, which helps to an effective energy transfer from
MBG/UCNP nanocomposites to zinc phthalocyanine. Loading of
anticancer drugs affects the fluorescence intensity and fluores-
cence quenching of the nanocomposite occurs (Figure 5).[%%]

Functionalized MBGs have been exploited for signal amplifi-
cation of procalcitonin diagnosis. Procalcitonin is vital in cancer
diagnosis with clinical signs of fever and elevated C-reactive
protein levels.**%] Pd@Fe, S, with high catalytic efficiency was
connected to NH,-functionalized pineal MBG to enhance the
detection signal of electrochemical immunosensor. Moreover,
MBGs possess highly hindrance effect, which affects the sensi-
tivity and signal responses.[*] In another study, multifunctional
Tb-doped MBG nanospheres synthesized via a facile sol-gel
methodology exhibited controlled doxorubicin (DOX) delivery.
The drug-releasing kinetic from Tb/MBG nanospheres can be
impressively adjusted by pH changing and variation of doping-
ion concentrations. Nevertheless, Tb/MBG nanospheres possess
potential for use as a compelling candidate of therapy caused
by malignant cancers.I”’] Figure 6 illustrates the experimental
pathways for the preparation of electrochemical immunosensor
and amperometric responses. MBGs were also functionalized by
folic acid and applied for targeting cancer cells. Existing of folate
receptors with high profusion on cancer cells is the reason selec-
tion of these functional groups. The fluorescein isothiocyanate

2102678 (7 0f44) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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imaging of athymic nude mice with intravenous injections of UCNPs@SiO, @ MBG. Resolution/sensitivity of in vivo imaging enhanced by incorporating
Ca (top row of in vivo imaging combined with Ca). All images were obtained under the same instrumental conditions (powder density ~ 120 mW cm™2
on mice’s surfaces). C) The loading capacity range of UCNPs@SiO, @ MBG/ZnPc. D) MBG/UCNP nanocomposites’ intensity versus release of ZnPc.
E) Linear range of I/1, response for each release percentage. UCNPs: upconversion nanoparticles; ZnPc: zinc phthalocyanine. (B—E) Reproduced with
permission.[?3] Copyright 2016, Springer Nature.

Adv. Sci. 2022, 9, 2102678 2102678 (8 0f44) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

%r . ¥ ' ‘ $ ‘
— S8 — "ege — "uge
v Fe3S4'Pd & Abl BSA S S
MGCE ] ¢ | pCT
g s 3 g \I
| ™Y |
| e, @ rne gy | gl 2 e T Sl ’
| NaBH, I e.q ST Ab, . { ¥ ;
| 2 PR
'\ Fe;0, FesS, Fe;S,-Pd ll\ PBG-NH, PBG-Ab, | ‘@@w
N I O e = g
. L wimrer RN ;}%‘
El ] o, *y 4§
3 Without PCT ’ )l« ‘ ¥ {
o *@ ; w PBG-Ab,
Time Hzoz @ N 9@@‘
C D
0o - j j j 100
< st 80 r
o <
5 s0f = 60
o 3
8 25 . a— j 40
0 20
3 2 a0 1 2
Time, s Ig(c, ng/mL)

Figure 6. Fabrication and applications of immunosensors based on bioactive glasses. A) Schematic of experimental pathways for preparation of elec-
trochemical immunosensor and amperometric responses. B) TEM image of slit-shaped PBG materials. C) Curve of amperometric responses and D)
calibration curve of the prepared immunosensor for PCT detection with a wide linear range (500 fg mL™" to 50 ng mL~", Error bars or RSD for five mea-
surements were calculated). MGCE: magnetic glass carbon electrode; PCT: procalcitonin; GA; glutaraldehyde; Ab;: the primary antibodies; PBG-Ab,; the

secondary antibodies-pineal mesoporous bioactive glass. Reproduced with permission.[®®] Copyright 2020, Elsevier.

as a fluorescent label was covalently attached to MBG-FA. The re-
sults illustrate that receptor-mediated endocytosis can be induced
by two cancer-cell lines (viz., human cervix carcinoma Hela and
fibroblast cell line L929) and it enhances drug delivery efficacy.l*®!

5. Cancer Therapy

5.1. Targeted Nanoplatforms

5.1.1. Chemotherapeutic Drug Delivery

Conventional drug administration approaches (i.e., oral admin-
istration or injection) can cause fluctuation of drug concentra-

tion in blood. As a result, the drug concentrations are timely in-
effective as they are lower than the therapeutic dose and causes

Adv. Sci. 2022, 9, 2102678

more adverse effects when high doses are applied.”) Moreover,
there are concerns about the lack of effective dose accumula-
tion in target organs and higher dose accumulation in nontarget
organs.!'%] Local drug delivery systems have been introduced to
overcome the deficits of conventional drug delivery systems. The
advantages of the local drug delivery system are high drug deliv-
ery efficiency, continuous treatment, reduced toxicity, and conve-
nience to the patients.[*!]

MBGs have attracted much attention in drug delivery due
to their, large surface area, high pore volume, and excellent
biocompatibility.[1°01%2] In addition to introducing angiogenesis
and osteoblastic factors by MBG nanocomposites, therapeutic
drugs for cancer treatment could also be easily introduced into
the site of disease.'”®] MBGs can efficiently host drugs through
1) adsorption on the external surface, 2a) entrapment inside the

2102678 (9 of 44) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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mesoporous structure via noncovalent binding, or 2b) covalent
bonding, and 3) drug lying at the window of the MBGs.[19+-106]
For example, MBGs can adsorb drugs into the pores or their ex-
ternal surfaces through chemical bonding via the electrostatic at-
traction of Si-OH and P-OH groups on the MBG surface and the
amino groups of the therapeutic molecules.?]

Chemotherapy is a conventional and frequently used method
for cancer therapy. Chemotherapy operates with different mech-
anisms, but the primary performance is to destroy growing cells
(i-e., in most cases both tumor and normal cells), leading to side
effects including bone marrow suppression, hair loss, and gas-
trointestinal reactions.['%] Targeted platforms generally include
two approaches to reach the intended site. Passive targeting is
based on the circulation of nanoparticles in the blood for a long
time, avoiding renal clearance, and selective accumulation in tu-
mor tissues due to leaky tumor blood vessels and poor lymphatic
drainage. Active targeting uses functionalized nanoparticles us-
ing active ligands such as proteins, peptides, and antibodies to
allow nanoparticles to precisely reach the tumor site.[1]

As the idea of using MBGs as a drug delivery system has been
introduced, the concept of using them as an anticancer drug de-
livery system was raised. MBGs have a great potential in bone
tissue engineering; hence they can be beneficial in bone tumor
therapy and bone defect regeneration simultaneously.*!]

Although these MBGs have several unique features and have
been successfully employed for diverse biomedical applications,
controversy still exists regarding their effectiveness as anticancer
drug delivery systems.!?”] Many recent studies have been con-
ducted to assess the ability of MBGs in anticancer drug delivery.
They are divided into two main categories. The first group focuses
on the drugs and MBG interactions (i.e., drug loading and re-
leasing kinetics and properties) summarized in Table 1; and, the
second group has progressed further and evaluated drug-loaded
MBGs interplay with different cancerous cell lineages (Table 2).

There are different critical aspects to consider MBGs as drug
delivery systems. Drug loading conditions and drug release
conditions are significant performance measures in relation to
MBGs drug delivery characteristics assessment.

The drug uptake ability of MBGs can be manipulated in dif-
ferent ways. Higher loading concentrations usually lead to en-
hanced drug loading capacity; (1221231 By contrast, some stud-
ies indicated that DOX loading capacity of MBGs decreased
when the loading concentration increased.[''*!"] The drug load-
ing amount depends on the pore size and surface area of
MBGs.[110120121] The effect of therapeutic ions incorporated in
MBGs on the loading capacity has been investigated. Studies con-
cluded that selenium (Se) and copper (Cu) increased the drug
loading capacity of MBGs.[12114125] On the other hand, it has
been concluded that higher amounts of folic acid, Mg, and Zn
decrease the loading capacity of MBGs.[11311441] Hence, an op-
timized drug loading content and efficiency can be obtained by
tuning the chemical composition of the MBG carrier and tailor-
ing structural characteristics.

Different factors can influence MBG drug release kinetics
and cumulative release. In anticancer drug delivery, a care-
fully controlled and sustained drug release is crucial. Reduc-
ing MBGs pore size usually results in a lower drug release
rate.[1'®] Moreover, drug loading concentrations affect the re-
lease profile of MBGs.1'>18] In addition to drug loading, ther-
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apeutic ions and trace elements also affect drug release pro-
files. Example (1); the addition of selenium (Se), europium (Eu),
and terbium (Tb) to MBGs has been shown to decrease drug
release kinetics.397:112120.121] Tt wag shown that a larger sur-
face area of Se/MBG causes more physical interactions between
Se/MBG silanol (Si-OH) groups and DOX hydroxyl (-OH) and
amine (-NH,) groups. Moreover, these interactions inhibit DOX
transportation from the inner to the outer mesoporous struc-
ture to some extent.'?% Example (2); Tb/MBG showed a lower
drug release rate owing to higher specific surface area and pore
volume, making drug incorporation into the inner mesopores
easy.”’! Also, highly hydrophilic Eu/MBG can quickly adsorb
water-soluble DOX molecules on their own charged surface and
soak them into internal pores due to the stronger interactions
of Eu/MBG and DOX. This feature increased the DOX loading
and slowed down its release rate.'”!] It has been concluded that
pH has a critical role in drug release kinetics; as the drug re-
lease environment’s pH value decreases, the drug release rate in-
creases leading to higher drug dosage in the acidic environment
of cancerous tissues and cells (Figure 7).[3697:112120121] Fyrther-
more, studies concluded that MBGs doped with Eu, TD, Se, and
samarium (Sm) radionuclides led to a drug release mechanism
governed by Fickian diffusion. The results were also compared
with the prediction of the Higuchi model (Qy; = ky; X t'/2, Qy is
the drug release amount at the time “t”, and k,; is the Higuchi
dissolution constant).[?7:111:112:120.121]

To investigate MBGs in vivo antitumor effectiveness, prepared
MBG nanospheres were established as functional drug deliv-
ery systems for drug loading and release analysis. Their influ-
ence on tumor inhibition in the in vivo tumor xenograft model,
bio-distribution, clearance, cellular location, and systemic toxi-
city were also evaluated to assess MBGs performance in vivo.
Optimized MBG nanospheres exhibited a dendritic mesoporous
structure with a large specific surface area, efficient drug loading
and release in a controlled manner. This unique structure can ef-
fectively prolong the drug half-life and suppress tumor growth
without affecting normal cells. Furthermore, DOX-loaded den-
dritic MBG nanospheres significantly decreased tumor volume
in the murine S180 sarcoma model and reduced systemic toxic-

ity (Figure 8).[122]

5.1.2. Radiopharmaceuticals Delivery

Low dose radiation in external radiotherapy is a prerequisite due
to the effect of radiation on healthy tissues. In conventional radio-
therapy, the X-ray source is irradiated on the tumors from outside
the body. If a high radiation dose is exploited, it can damage the
surrounding healthy tissues. External radiotherapy’s efficacy is
restricted to low radiation dose, which reduces the possibility of
receiving radiation to internal cancerous organs such as the kid-
ney and liver. By contrast, for in situ or selective internal radio-
therapy (brachytherapy), the radioactive isotope Yttrium (*°Y), for
example, as yttrium aluminosilicate glass, YAS, is the most inves-
tigated and popular substance which is implanted in cancerous
tumors or injected into blood vessels to achieve the target site.
This allows a higher dose of localized radiation to be transmitted
to the target tissue and reduces healthy tissues’ damages.[12412%]
Its deficits, such as poor biodegradability and bioactivity, let the

2102678 (10 O‘F44) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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authors investigate better substances. BGs have been introduced
for this purpose owing to its bioactivity and biodegradability.[?¢!

In clinical applications, radioisotopes are bombarded by neu-
trons and activated before injection. If they are incorporated into
microspheres for example made by MBG, the leakage of these
radioisotopes will be reduced while the lifespan/biocompatibility
of the radionuclide vector will be increased.['>'?”] Moreover, the
synthesized MBGs should not contain unwanted elements that
could produce undesirable radioisotopes during the activation
pathway.!'?8] For the first time, Christie et al.['**] used BGs as a
radionuclide vector and incorporated yttrium in its structure to
assess this composition’s ability for in situ cancer therapy. They
concluded that the yttrium release profile depended on the inter-
play between the yttrium ion environment and yttrium ion clus-
tering behavior. They also showed that yttrium addition results
in a higher release rate of ions due to less durability of the glass
as the network connectivity decreases notably.

There is limited research on studying radioisotope-loaded BGs
or MBGs, mainly due to limited access to nuclear facilities.!'"!]
For instance, BG-radiotherapy is exploited for the treatment of
liver cancer. The microspheres of BGs (with a diameter of 25 mm)
containing 50 (%w/w) Y,O, are injected intravenously into pa-
tients to be placed in the capillary bed of the liver!!?! (Figure 9).
A 64 h half'life was achieved for radioisotope-activated micro-
spheres capable of transmitting a dose of 15000 radians to ma-
lignant cells. This dose is significant compared to the maximum
dose used in external radiotherapy (3000 radians).[3%! The radi-
ation attenuation properties of BGs doped with NiO were also
evaluated by determining various factors, including mass attenu-
ation coefficient, exposure/absorption buildup factors. The dop-
ing of NiO in BGs demonstrates a substantial effect on photon
interaction and high potency to attenuate y-radiation at medical
therapy energies.!'3!] Other researchers incorporated Samarium
(**3Sm) in a sol-gel synthesized BG and applied it for prostate
cancer treatment via brachytherapy. The sol-gel method provided
high porosity and the Sm radioisotope delivered more energy to
the tumor tissue in a shorter half-life )46.27 h) than Iodine ('*I)
(54.9 days).[13%]

The present literature trend indicates that the full potential of
BGs in brachytherapy is still to be deeply explored. It is expected
that there will be further developments in this active area of re-
search in the next few years.

5.2. Stimuli-Responsive Nanoplatforms

Among various types of drug delivery systems applied in
biomedicine, many of them just provide a sustained release of
the cargo. The majority numbers of these systems have no ca-
pability to stop the payloads once it has begun. However, sev-
eral diseases like cancer, diabetes, disorders related to hormones
need a pulsatile release or spatiotemporal control to meet the
patient’s needs and also reduce the undesirable side-effects.
Stimuli-responsive nanoscopical delivery can release cargos on-
demand as a response to external or internal triggers.[!33134]

www.advancedscience.com

These smart systems can be activated through physiological trig-
gers (endogenous) including pH, redox, enzyme, etc., external
stimuli (exogenous) like light, magnetic or electric field, ultra-
sound, etc. and combination of the both stimuli. In the following
sections, different stimuli-responsive MBGs are showcased.

5.2.1. Endogenous Stimuli

pH-responsive drug delivery systems contain ionizable moieties
(carboxyl or amine) by which the structure changes in the expo-
sure of different pHs. Speaking of cancer therapy, these systems
are of particular interest as the pH of extracellular tumors and en-
dosomes is ~6.8 and 5.5 in turn. The driving force between the
drug delivery system and the targeted site is the pH gradient stim-
ulating the carrier to liberate its chemotherapeutic cargo in con-
trolled manner.[***] Up to now, a few studies focused on endoge-
nous stimuli-responsive MBG drug delivery systems for cancer
therapy and they are mainly responsive to pH or enzyme. Amine-
functionalized MBG modified with maleic and cis-aconitic anhy-
dride was synthesized for bone cancer therapy. Maleic and cis-
aconitic as acid-responsive materials belong to unsaturated dicar-
boxylic acid anhydrides and used in this study as a covalent bridge
between the drug molecules and the MBGs surface functional
groups.[3%] Nanosphere-like DOX-loaded MBG was synthesized
through a facile hydrothermal synthesis technique as a multi-
functional material for bone cancer therapy and regeneration.
The nanospheres were not modified with any acid-sensitive poly-
mer, but showed a pH-responsive characteristic when exposed to
an acidic medium. The phenomenon was attributed to the dis-
solution of Ca from the nanospheres at acidic conditions as Ca
played a chelating agent role in the MBG structure and interacted
with DOX molecules.!''>137] Moreover, it has been demonstrated
that the liberation of Ca ions from either MBG or BG occurring in
a faster rate through acidic media is capable of inducing cell dam-
age and so tumor suppression. Therefore, the acidic medium of
tumor microenvironment not only increases the release rate of
anticancer drug molecules, but also liberation of Ca ions, both of
which simultaneously suppress the tumor growth (Figure 10).
Aggregation-induced emission luminogens were anchored on
MBG to yield an organic-inorganic pH-sensitive drug delivery
system. Regarding to strong blue emission of the luminogens,
the obtained hybrid was endowed with luminescence property.
The DOX-loaded luminogens-modified MBG was found to re-
lease the cargo faster at pH = 4.0 than 6.9 which was attributed to
the lack of electrostatic interactions between the drug molecules
and the substrate at the former pH.['38] Besides using different
organic modifiers to introduce pH-sensitivity to MBGs, a study
used hydroxyapatite to cap the drug-loaded MBGs pores imped-
ing the drug release at physiological conditions (pH = 7.4). As
hydroxyapatite can be degraded through acidic media, the sys-
tem showed a faster release at pH = 4.0 than the neutral pH.['*!
Recently, a pH-responsive core—shell structure composed of poly-
t-glutamic-acid/MBG was designed and synthesized for release
of a chemotherapeutic drug (daunomycin). A significant release

Figure 7. A prospective overview of MBGs application as drug delivery platform. A) Preparation of drug-loaded MBG. B) Drug-loaded MBGs affect
normal cells and various cancer cell lines. C) Drug release properties against different pH values. D) Drug release properties against different drug
loading concentrations (IMT: Imatinib). (C,D) Reproduced with permission.['13] Copyright 2017, Elsevier.
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Figure 8. MBGs application for anticancer drug delivery in vivo. A) Schematic illustration of MBG nanosphere functionalization mechanism and drug
loading and drug-loaded MBG effect on tumor size. B) In vivo antitumor efficacy of dendritic MBG nanospheres in a mouse tumor xenograft model.
Mice were injected with saline, mesoporous silica nanoparticles (MSN), dendritic MBG, DOX-MSN, DOX-MBG, and free DOX. Image shows the solid
tumors removed at the end of the study. C) Tumor growth inhibition ratio. (IV: Intravenous; *: p < 0.05). Reproduced with permission.['22] Copyright
2018, American Chemical Society.
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radiation kills the cancer cells.

was observed at the acidic condition, whereas a low leakage of
drug molecules occurred at the physiological medium (pH =
7.4).0140]

The skin tissue regeneration gets tough when one of the most
aggressive skin cancer types (melanoma) must be dealt with
through surgery even though recurrence of the disease is proba-
ble. Normally, medical practitioners remove melanoma once it
has been diagnosed as cancerous, and even some healthy tis-
sues around the targeted tissue will be removed. This surgery will
leave behind a chronic open wound susceptible to severe infec-
tion, requiring something potent to deal with it. It is worth men-
tioning that when an injury occurs through the skin tissue, there
are four responses by the body to address the problem leading to
regeneration. These responses include hemostasis to hamper the

Adv. Sci. 2022, 9, 2102678

constant bleeding followed by deploying white cells in the injury
site to stand against the potential infection (inflammation stage),
proliferation, and tissue remodeling.l'*!] All these steps take time
to be completed. However, in the case of chronic wounds caused
by diabetes, neither the body nor traditional wound dressings can
solve the problem. That was the time for BG compounds to get
involved with the precarious situation. Besides the blood coag-
ulation and angiogenic properties of SiO,, CaO, and P,O; ox-
ides, the bioglass structure can be modified with other therapeu-
tic ioms, i.e., Ag, Zn, Cu, Mg, Co, etc., to accelerate the healing
process and dealing with both inflammation and infection at the
same time.1*214] Recently, a theranostic multifunctional MBG
decorated with alendronate and folate followed by being loaded
with DOX was reported for skin cancer therapy, imaging, and

2102678 (20 of 44) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 10. The simultaneous suppression effect of Ca ions and DOX molecules on the tumor growth (pH = 6.5-6.8). Schematic illustration of the
development and tumor suppression of the pH-sensitive DOX-loaded dendritic MBG step by step.

regeneration. The modified MBG showed about 600 mg g~! DOX
loading which is ultrahigh plus pH-responsivity at acidic media;
there were two drug release stages including the burst release up
to 24 h followed by a sustained release up to 120 h. A very low
leakage (3.2%) was observed at the physiological pH (7.4), while
the release ratio at pH = 5.5 increased significantly to 14.1% up to
24 h evidencing the pH-sensitive nature of the MBG. The reason
why such a phenomenon was observed ascribed to the protona-

Adv. Sci. 2022, 9, 2102678

tion of -NH, groups in the DOX structure. Both the in vitro and
in vivo studies implied that the decorated MBG loaded with DOX
efficiently eradicated the tumor through the DOX release and also
prevented the tumor recurrence.** The synthesis, multifunc-
tional nature, drug release profiles, and in vivo studies related to
the decorated MBG are indicated in Figure 11.

Another type of endogenous stimuli-responsive systems is
based on the biocatalytic action of enzymes. The drug delivery

2102678 (21 of 44) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 11. Multifunctional pH-sensitive MBG for skin cancer therapy and regeneration. A) Schematic illustration of synthesis, decoration with folate-
alendronate (FAAL), and DOX loading of the mesoporous branched Eu-Gd bioactive glass nanoparticles (EGBBGNSs). The multifunctionality of EGBBGNs
including imaging, melanoma therapy, and tissue regeneration. The interactions between the nanoparticles, surface modifiers, and DOX. B) Schematic on
the inhibiting tumor recurrence. C) Photographs related to the wounds treated with different samples as follows: EGBBGNs-FAAL (EC@F), EGBBGN -
FAAL-DOX (EG@F-D), and F127 up to 14 days. D) The images related to the removed tumors of various samples. E) The release profiles of different

samples at physiologic
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al and acidic media. Reproduced with permission.l'# Copyright 2021, Elsevier.
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systems modified with different types of enzymes work with the
changes in the enzymes expression as overexpression of an en-
zyme can be a sign of pathological niche. Protease is known to
break down peptides and proteins and its concentration through
healthy tissues is very low, whereas through cancerous tissues
it can be found high in quantity.'*! The other types of mate-
rials applied in enzyme-responsive cancer therapy are the en-
zyme cathepsin B, hyaluronic acid which is degraded by
hyaluronidase enzymes in various cancers,!*®! azoreductase, and
endopeptidase enzymes.['*18] n the case of mesoporous sil-
ica nanoparticles, different types of molecular gates including
enzyme-responsive ones have been expansively used,['* but very
few studies have worked on the enzyme-responsive MBGs.321 A
polyamine-functionalized MBG loaded with an antibiotic drug
and then capped with adenosine triphosphate was synthesized
against bone infection. In the exposure of acid phosphatase,
which increases in bone infections due to the bone resorption ac-
tivation, the adenosine triphosphate’s bonds undergo hydrolysis
resulting in the faster release of the loaded drug molecules.*?l In
the case of cancer therapy, the same group developed a triamine-
functionalized MBG implemented with the same tailored molec-
ular gates (adenosine triphosphate); the MBG was first function-
alized with triamine followed by being loaded with DOX and fi-
nally capped with the adenosine triphosphate. In the presence of
high levels of adenosine triphosphate, the molecular gates un-
derwent hydrolysis and liberated the anticancer drug molecules.
It is noteworthy that in the case of patients diagnosed with os-
teosarcoma, the serum adenosine triphosphate is found in higher
contents.[*?]

As mentioned before, the studies worked on stimuli-
responsive mesoporous silica nanoparticles are high in number,
while a few studies have shed light on the endogenous-stimuli-
responsive MBGs for cancer therapy. With great textural and re-
generative properties of MBG in both soft and hard tissue, there
can be innovative pathways to target different cancers with MBG-
based internal-responsive drug delivery systems.

5.2.2. Exogenous Stimuli

Magnetic-Responsive MBGs: Hyperthermia Therapy: This class
of MBGs typically pertained to hyperthermia therapy, a type of
cancer therapy referred to cancerous tissues’ eradication through
released heat from an agent. Such materials are responsive
to an EMF.[°151 The heat generation capability of magnetic-
responsive nanomaterials can be altered with different param-
eters such as particle size, magnetization saturation, concentra-
tion, applied frequency, and magnetic amplitude of EMF.[152153]
Since the introduction of hyperthermia therapy, three heat ranges
have been categorized under the umbrella of this technique: T
43 °C, 43 °C < T <46 °C, and T > 46 °C. The first range (i.e.,
T < 43 °C) is out of the present paper scope, and it has been ap-
plied in arthritis cases. The other ranges have been adopted to kill
cancerous tissues. Temperatures above 46 °C are applied when
a tumor ablation is required. It is critical to bear in mind that
thermoablation has catastrophic effects on the adjacent tissues
on the downside. At a temperature range of 43-46 °C so-called
mild hyperthermia occurs, which extirpates the cancerous cells
and leaves the neighboring healthy tissues intact.['>* Figure 12

Adv. Sci. 2022, 9, 2102678
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depicts how different stimuli-responsive agents can increase the
local temperature of tumor tissue up to 43 °C under exposure to
either an EMF or light.

Because of the many beneficial therapeutic and regenerative
properties of MBGs for bone tissue, they have been mainly em-
ployed for simultaneous bone cancer therapy and regeneration.
On the contrary to other types of cancers, bone cancer is more
frequently diagnosed in youth than elders. Surgery is the very
first response when a bone tumor is found. The tumor’s re-
moval leaves a defect, and the remaining surrounding tissue
could increase the tumor revival risk.['>>1%¢] Hence, the role of
multifunctional stimuli-responsive MBGs becomes evident. Fig-
ure 13 shows how a magnetic-responsive agent can eradicate
the remaining cancerous tissues under EMF exposure besides
regeneration. MBGs are mostly composed of SiO,, CaO, and
P,0; so they are not naturally regarded as magnetic. Therefore,
the magnetic property should be introduced in the MBGs struc-
ture by combining with superparamagnetic moieties or substi-
tution/doping of magnetic elements. Researchers in 2018 tried
to turn a binary particulate-like MBG composed of SiO, and CaO
into a magnetic BG through the addition of FeCl, during the syn-
thesis process. One of the hurdles to overcome was hampering
some nonmagnetic phases, e.g., hedembergite (CaFeSi,O;) dur-
ing the calcination process. As an interesting strategy, air and ar-
gon gas were applied to the calcination process and the results
were compared. The argon gas led to the formation of ferrimag-
netic phases (e.g., maghemite (y-Fe,0;) and magnetite (Fe;0,)),
culminating in a significant increase in the magnetization sat-
uration up to 2.17 emu g ~'. Argon gas was found to cause a
narrower pore size distribution in the magnetic BG (26.4 down
to 4.9 nm), which is beneficial for drug loading and controlled
release over time.["”] The same research group then turned the
particulate-like Fe-doped MBGs into 3D bone scaffolds for bone
cancer therapy and regeneration.!*>]

A P123-assisted sol-gel technique was adopted to synthe-
size MBG, Fe-doped MBG, and FeCu-doped MBG particles for
hyperthermia-based bone cancer therapy.'>) This synthesis tech-
nique was shown to lead to composites with a high surface area.
Interestingly, the composition containing both Fe and Cu ele-
ments outperformed the other samples in magnetization satu-
ration. The reason behind this phenomenon was attributed to
the effects of Cu addition on the glass structure, culminating
in the superparamagnetic formation of Fe;O, phase. Nonethe-
less, it is essential to notice that the introduced Fe in the glass
structure can form three main phases of Fe;O,, y-Fe,0;, and
a-Fe,0; (hematite), during the thermal treatment procedure.
An enormous attraction was dedicated to Fe;O, and y-Fe,O,
as intrinsic ferrimagnetic compounds, while a-Fe,O; was less
attractive to researchers when a higher magnetization satura-
tion was required.'6*16!l q-Fe,O, has a transition temperature
(Morin transition ~ 263 K (—10.15 °C)) above which it becomes
a ferrimagnetic material.'2l A recent study has shed light on
a-Fe,0; and investigated the growth of magnetic nanocrystals
through the BGs structure for hyperthermia-based bone cancer
therapy.l'®] Different amounts (10, 20, 30 wt%) of a-Fe,O; were
applied in the glass structure yielding a mesoporous magnetic
glass—ceramic. Increase in the a-Fe,O; content up to 30 wt% was
supposed to raise the nanocrystal size, and the crystal growth in
this study was independent of the amount of Fe precursor. The
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Figure 12. Eradication of cancerous tissues by different stimuli-responsive
photothermal and photodynamic therapy.

addition of more Fe precursors led to an increase in the quan-
tity of a-Fe, O, nanocrystals rather than the particle size. The ob-
tained maximum magnetization saturation in this study was 3.49
emu g ~'. Besides the mentioned one-pot synthesis routes based
on the in situ formation of a ferrite-based phase through the BGs
structure, Ur Rahman et al.['") have applied a two-step synthesis
strategy including precipitation of Fe;O, nanoparticles followed
by addition to a P123-assisted sol—gel synthesis system to yield
a magnetic MBG for bone cancer therapy. The prepared MBG
showed a magnetization saturation of nearly 15 emu g ~* higher
than values reported in previous studies.[18159163.164] The hyper-
thermia assessment indicated a sharp increase in the tempera-
ture up to 42 °C after 12 min, followed by a plateau until the end-
ing point showing a saturated temperature.

Adv. Sci. 2022, 9, 2102678

MBGs. Schematic representation of magnetic-mediated hyperthermia and

There is an irreconcilable issue revolving around designing
magnetic MBGs. On the one hand, the addition of iron is re-
quired to introduce magnetic property into the MBG structure
and more iron has potential to increase magnetization satura-
tion; the higher magnetization saturation, the more intense the
heat generation. However, increasing in iron content is accom-
panied by a decrease in in vitro biocompatibility. Therefore, the
lack of comprehensive studies shedding light on these challenges
simultaneously can be felt. Notably, considering the available lit-
erature, it can be seen that the obtained magnetization saturation
is mostly in the range of 1-4 emu g~'. Due to lack of in vivo stud-
ies in the available literature, it is still uncertain if the mentioned
value is adequate to produce the required heat to eradicate cancer-
ous cells. Table 3 summarizes the physical properties of applied
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Figure 13. Treatment of a bone tumor through adopting magnetic-responsive MBGs. The schematic shows how a magnetic-responsive agent deals with

remaining bone cancerous tissue after surgery.

magnetic-responsive MBGs for simultaneous bone cancer ther-
apy and regeneration (since 2018).

Light-Responsive MBGs: Photothermal and Photodynamic Ther-
apy: All therapies categorized under a term called thermal ther-
apy intend to raise a specific organ’s temperature to a desir-
able point.'%] Although increasing the temperature above 37 °C
means a potential danger for the human body as the sign of fever
with irreversible catastrophic effects on different organs, control-
ling over the temperature’s increment would be accompanied
by positive effects for cancer patients. Harnessing thermal treat-
ment therapies goes back to the 19th century when scientists
stumbled on a startling discovery. They injected living bacteria
into the patients suffering from cancer. It turned out that a regres-
sion in the disease occurred stemming from an infection raised
by the bacteria accounting for the occurrence of fever.'°! Despite
the popularity of magnetic-responsive materials in cancer ther-
apy, some other alternatives have also been explored to deal with
the issue. Photosensitive materials have received significant at-
tention in this field due to their capability of heat generation un-
der laser radiation.!'*’] leads to the development of photothermal
therapy which used to be regarded ineffective and nonreliable
resulting due to some disadvantages—simultaneous laser’s en-
ergy absorption by both cancerous and healthy tissues accounting

Adv. Sci. 2022, 9, 2102678

for damaging neighboring healthy tissues besides weakened heat
generation.[18] This technique has recently received considerable
attention, and novel light-responsive materials are involved in the
process leading to a significant increase in the temperature lo-
cally with high efficiency.

There are numerous photosensitive agents applied for can-
cer therapy among which MoS,,'l gold nanoparticles,!!”"]
carbon-based nanomaterials,['>'7!l magnetic nanomaterials,'7?]
LaB,['”?] and CuFeSe,®® can be enumerated. Different ap-
proaches have been put forward to turn BGs into a light-
responsive agent. Dang et al.’8! reported 3D-printed BG scaf-
fold’s functionalization by semiconductor CuFeSe, nanocrystals
through in situ solvothermal technique. Another study deployed
2D ultrathin niobium carbide MXene nanosheets as a strong
photosensitive agent for BG scaffolds.['7*] Another easy-to-use,
innovative, and effective approach was adopted by Liu et al.l'®!]
through doping different metallic elements (Cu, Fe, Mn, and Co)
into the BG structure. Besides the antibacterial properties of Cu
and Co ions, they can induce angiogenesis, and Mn and Fe ions
have stimulatory effects on bone mesenchymal stem cells.['7>-180]
In the case of light-responsive MBGs, a recent study integrated
both photothermal and photodynamic therapies into a single
multifunctional platform composed of chlorin e6 (C6)-loaded
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Table 3. Magnetic-responsive MBGs with different compositions for simultaneous bone cancer therapy and regeneration.

Sample/type Composition Magnetization  Surface area Bioactivity/biocompatibility Main results Ref.
saturation [emu [m?2g
g ']
Fe-doped 60SiO,—(40-x)CaO— /- Fe,O; in low contents did not [157]
MBG/particulate xFe,03 (x=2and cause devitrification, while
10 mol%) 10 mol% yielded a
glass—ceramic. The inert gas
applied for calcination led to
more magnetization saturation.
Fe-doped MBG/ 60SiO,—(40-x)CaO— Within 2 weeks immersion into The magnetic scaffolds with [158]
scaffold xFe, 05 (x=2and SBF, the scaffolds’ surface was hierarchical porosity (macro- to
10 mol%) completely covered with newly mesoscale) were obtained.
formed apatite/— Increasing iron content
decreased the surface area and
pore size. Regardless of iron
content, all scaffolds were
highly bioactive in vitro.
CuFe-doped 68Si0,-23Ca0-4P,05— A sediment formation on the The CuFe doped MBG was found [159]
MBG/particulate 5Fe,0; mol% sample was occurred after 7 superparamagnetic. Addition of
68Si0,-23Ca0-4P,05— days soaking into SBF/no both Cu and Fe together led to
5CuO mol% cytotoxicity was observed when an increase in surface area,
68Si0,-18Ca0-4P, 05— 200 and 400 ug mL™! magnetization saturation, and
5Fe,0;-5Cu0O concentrations had been superparamagnetic property.
mol% applied against horse
mesenchymal stem
cells-adipose
a-Fe,0;-doped (100-x) (58Si0,-33CaO— The samples showed a bioactive Synthesis of a glass—ceramic [163]

BG/particulate

9P,05)—xFe,0; (x= 10,

20, and 30 wt%).

behavior and calcium
phosphate was precipitated on
them upon soaking into SBF (7
days) /moderate cytotoxic effect
was observed mainly due to
iron oxide content against

containing hematite
nanocrystals through a one-pot
sol-gel method. The
glass-ceramic was
superparamagnetic with
desirable bioactivity in vitro.

MC3T3-E1 cells
FeBa-doped (60-x-y) SiO,—-36CaO— 0.04-2.27 - —/-
BG/particulate 4P,05—(x)Fe, 05—
(y)BaO (x=0, 10, and
15 mol%) (y=0, 5, and

The BaO-Fe,O; bioactive glasses  [164]
with particle size between 30
and 70 nm were synthesized.
The heat generation ability of

Fe;O4—
MBG/particulate

15 mol%)

51Si0,-18Ca0-20Na, O-

4P,05-7Fe; O,
mol%

The samples showed a bioactive

behavior and calcium
phosphate was precipitated on
them upon soaking into SBF (7
days)/the cell viability of
Fe;0,~MBG samples against
normal human fibroblast and
osteosarcoma cells were
assessed and no toxicity was
observed.

samples under an external
magnetic field (300 kHz) was
assessed in vitro. Up to 700 s,
the AT (°C) has reached up to
60 °C.

A multifunctional bioactive glass

with hyperthermia and drug
delivery potentials was
synthesized. The hyperthermia
effect of sample was assessed
in the exposure of
osteosarcoma cells under an
alternating magnetic field for
20 min (250 kHz) and 70%
decrease in the cell viability was
observed.

[119]
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Mn-doped MBG to present a potential solution for the eradication
of deep bone tumors followed by an accelerated regeneration.>
The C6 is a photosensitive agent having the benefits of high sin-
glet oxygen, and it has been applied in photodynamic therapies
successfully."™®!! The combinational therapy underlaser radiation
exposure was investigated regarding its effect on tumor growth
inhibition. The heating curves were tracked carefully in vivo. It
is visible that except for the pure MBG, the Mn-doped MBGs re-
vealed a dramatic rise in the temperature trends from around 25
up to 50 °C followed by a fluctuating trend in the range of 47—
51 °C until the ending point (1200 s) (Figure 14). Notably, the
mild hyperthermia not only induced photothermal performance,
but also triggered the C6 release leading to an improved uptake
of C6 by tumor cells. Therefore, the photothermal performance
enhanced the photodynamic therapy to achieve a more effective
strategy for bone cancer therapy specially the deeper tumors.

M-type hexaferrite nanoparticles have both high magnetiza-
tion saturation and high coercivity causing the preservation of
magnetism even after turning off the EMF. This property has
hampered their cancer therapy applications, where superparam-
agnetic nanostructures have always been preferred.['*2) However,
being applied in the form of either a bulk or scaffold is entirely
different from the particulate form. Lu et al.'’?] took advantage
of this compound and fabricated a magnetic freeze-dried bone
scaffold. The scaffold was composed of SrFe;, 0,4, MBG, and chi-
tosan for simultaneous photothermal therapy and bone regenera-
tion. Two mass ratios, including 1:3 and 1:7 for SrFe,,0,,/MBG,
were applied and their tumor ablation efficiency was tested in
vitro and in vivo. As the amount of SrFe,,0,, increased, the heat
generation ability of the scaffold rose as well. After being exposed
to MG-63 osteosarcoma cells, the scaffolds were triggered by laser
radiation (808 nm, 4.6 W cm™2). This led to a sharp increase in
the culture medium’s temperature from 24 °C up to nearly 40 °C
after 3 min of laser irradation. The test was continued for up to
6 min with the same conditions culminating in a significant de-
crease in cancerous cells’ viability (Figure 15). Moreover, the scaf-
fold with 1:3 SrFe;,0,,/MBG mass ratio was implanted near a tu-
mor tissue in vivo to assess its photothermal activity. A significant
decrease in the tumor’s volume after applying the laser radiation
was obtained.

6. MBG and Proteins Interactions: Protein Corona

Proteins are complex biopolymers with a fundamental role in
living organisms. Proteins conduct cell adhesion, proliferation,
differentiation, and provide mechanical support besides having
an essential role in mediating biological responses.['®}] Proteins
are also superior biomaterials for biomedical applications, in-
cluding drug delivery systems, coatings, and scaffolds for tis-
sue engineering.!® 18] Nanoparticles interact with various ac-
tive biomolecules after coming in contact with body fluids. 1871881
Protein adsorption is the first event occurring after nanomateri-
als (e.g., MBGs) meet protein-containing biological fluids (e.g.,
blood plasma) loading for the formation of a dynamic surface
layer of proteins on pristine nanoparticles, called protein corona,
playing a vital role in the interaction between the nanoparticles
and the body."® Protein corona formation is influenced by the
nanoparticles’ physicochemical characteristics, proteins proper-
ties, and surrounding media bioenvironment (Figure 16).[190.11]
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The formation of the protein corona, as a complex phe-
nomenon, becomes more distinctive with decreasing particle
size. As the particle size reduces, the surface-to-volume ratio
rises, nanoparticles show more surface activity and reduce their
surface energy through interaction with biological fluids compo-
nents, including proteins.['*?] Even though various parameters
influence the formation and composition of the protein corona,
this phenomenon becomes considerable when the particle size
reduces to a certain extent (e.g., <100 nm).319 Surface tex-
tures (e.g., mesoporous structure, porosity, and pore size) are a
decisive factor determining the scale of surface areas that inter-
actwith the protein molecules. Surface texture variation results in
alteration of surface-related parameters, mainly specific surface
area. In this regard, mesoporous structures possess enhanced
protein adsorption mainly due to the enlarged specific surface
area providing more active binding sites for proteins.[1%51%]
Meanwhile, pore size sieves protein molecules penetrated to the
pores and larger pore sizes facilitate adsorption of proteins with
high molecular weight (e.g., bone morphogenic protein); there-
fore, pore size determines protein adsorption in a protein size-
dependent manner.!1981%]

Nanoparticles chemical properties can also influence protein
corona formation through electrostatic or hydrophobic inter-
actions. Electrostatic interactions can either enhance or sup-
press protein adsorption determined by the chemical nature of
nanoparticle surface and types of protein.[2?] Generally, proteins
have more affinity to be adsorbed onto hydrophobic surfaces, al-
though some proteins with massive hydrophilic domains (e.g.,
glycoproteins) have limited adsorption to hydrophobic surfaces.
For instance, BG hydrophilicity is dependent on surface topogra-
phy and chemical composition; however, BG surfaces are often
highly hydrophilic. In general, BGs with lower hydrophilicity are
expected to adsorb a greater number of proteins since fewer water
molecules have to be expelled from glass surfaces prior to protein
adsorption.[199201]

Proteins features (e.g., type, size, and hydrophilicity) can also
impact the protein corona formation. Larger proteins have more
binding sites to interact with solid materials surfaces being more
susceptible to be adsorbed on the surface.[?2) Molecules near
their isoelectric point often show higher surface activity and ad-
sorb more readily.l’”®! Proteins unfolding exposes more sites for
the contact between protein and surface. Less stable proteins are
more likely to unfold, forming more contact points with surfaces.
For instance, lipoproteins are structurally unstable and thus show
a strong affinity to hydrophobic surfaces.?*] Furthermore, nu-
merous proteins have active interplay together in addition to their
interaction with the surface of the biomaterial. Proteins can have
cooperative and/or competitive situations that can influence their
surface adsorption.[189204]

The amount of protein adsorption can be influenced by
other parameters in the surrounding medium available in
biological fluids, including temperature, exposure time, dis-
solved ion concentrations (ionic strength), pH, and surrounding
medium composition. Temperature elevation generally increases
adsorbed protein concentration, and higher ionic strength en-
hances protein aggregate tendency. For instance, acidic pH
values have been shown to cause more protein adsorption
amounts on BG surfaces.[2942%] A longer duration of exposure
time increases the total protein quantity adsorbed. Furthermore,
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Figure 14. The combination of photothermal and photodynamic therapies for bone cancer therapy and regeneration. A) A schematic showing how Mn-
doped MBG/C6 works for bone cancer therapy and regeneration. B) The heating curve of 5Mn-doped MBG/C6 after being implanted into critical-sized
femoral bone defects of rats. C) The defects photographs of control (CTR) and 5Mn-doped MBG/C6 groups after 8 weeks. D) The thermal images after
applying 808 nm laser irradiation up to 20 min to the 5Mn-doped MBG plus Van Gieson staining images of (a,b) CTR and (c,d) 5Mn-doped MBG/C6
at 8 weeks; the short-term photothermal therapy had no significant negative effect on the bone regeneration. M represents the Mn-doped MBG-Ce6
particles. (B-D) Reproduced with permission.[>*] Copyright 2020, Elsevier.

Adv. Sci. 2022, 9, 2102678 2102678 (28 of 44) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

www.advancedsciencenews.com

A

1.25X

©  g8ox

MBCS1:3

MBCS1:3/NIR

E wmBcst:3 MBCs1:aNIR

Adv. Sci. 2022, 9, 2102678

ADVANCED
SCIENCE

Open Access,

The side face to the brain The side oppasite to the brain

Sagittal

control

2

7

2

| :

www.advancedscience.com

BCS MBCS 1:7 MBCS 1:3 \

MBCS 1:7 MBCS 1:3

4 min 6 min D

Temperature, °C

s 5 4 56
Time, min
F
g 4_—0- MBCS1:3
& —— MBCS1INIR
e
. 3 3-
[ 9
g 2;
- 3
. g 1l
[0)
o}
il o 0 L ' L f | '

s 0 2 4 6 8 12
Time, days

2102678 (29 0f44) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

the initial formation of the corona is called the soft corona,
which includes reversible, loosely bound proteins and has a
short half-life. Soft corona develops with time to hard corona,
consisting of proteins with a strong affinity for the nanoparticle
surface, forming an irreversible tightly attachment between the
protein and the surface of the nanoparticles.[?”’]

Protein corona alters the characteristics of nanoparticles com-
pared with bare nanoparticles. This phenomenon induces a
new biological profile that affects nanoparticle interaction with
the cell membrane, biodistribution, and toxicity in biological
fluids.[192219211] The composition, amount, and formation of ad-
sorbed proteins affect the biocompatibility of biomaterials. Pro-
tein corona formation can decrease cytotoxicity and enhance bio-
compatibility. On the other hand, it can cause adverse responses
such as thrombosis and infection due to uncontrolled protein
adsorption and subsequent reduction in biocompatibility. This
aspect is considered a result of orientation and conformational
changes of proteins due to adsorption to a solid surface.?12-15]
Furthermore, the cell adhesion and attached cells’ morphology
and motility are also dependent on adsorbed proteins on the
nanoparticles surface.['¥212] Extracellular and intracellular inter-
actions due to the protein corona’s structural changes are further
explained in Figure 17.

MBGs are applied in anticancer therapeutic approaches ow-
ing to their drug delivery potential. Despite extensive in vitro
investigation of these nanoparticles for active and passive anti-
cancer targeted therapy, in vivo tumor targeting ability and ther-
apeutic efficiency of these platforms is still a challenge leading
to few clinical trials and even fewer clinical practices. Between
various mechanisms, including modified physiological environ-
ment of tissues and organs and physical barriers persistence, pro-
tein corona formation plays a vital role in impairing targeted de-
livery, sustained drug release, and subsequent low therapeutic
eﬁciency'[lZZ,ZlG—le]

Protein corona formation affects both active and passive drug
delivery mechanisms. Protein accumulation buries nanoparti-
cles targeting ligands such as antibodies, aptamers, and peptides
resulting in limited accessibility of targeting ligands to cell re-
ceptors and consequent loss of targeting to the tumor site. Pro-
tein corona formation decreases nanoparticles leaking to the tu-
mor site, diminishing the efficiency of the passive drug delivery
platform.2!%] Dependent on the nature of the adsorbed protein,
the protein corona can enhance or decrease nanoparticles suscep-
tibility to clearance by the systemic circulation through phago-
cytosis by the mononuclear phagocyte system. Accumulation of
opsonin proteins, such as fibrinogen and immunoglobulin G,
on nanoparticles surface, enhances their recognition and ingest
by macrophages resulting in prompt clearance from systemic
circulation. Antithetically, protein corona composed of dysop-
sonin proteins, such as albumin and apolipoproteins, enhance
nanoparticles’ systemic circulation.[1%!

www.advancedscience.com

Effective anticancer drug delivery is achievable by a proper
protein corona design, and for this purpose, various strategies
have been investigated based on three main approaches. The
biomimetic approach uses different ligands to elude clearance
by the mononuclear phagocyte system, thereby enhancing their
systemic circulation. For instance, Af, 4, (SP) biocompatible pep-
tide, which can interact with apolipoproteins, has been employed
for liposome surface functionalization. This designed liposomal
system potentially adsorbs plasma apolipoproteins, especially
Apolipoprotein E, when exposed to biological fluids. The func-
tionalized liposomal system showed better distribution and en-
hanced drug delivery efficacy compared to the plain liposomal
system.[?2%] Nanoparticle functionalization with hydrophilic poly-
mers such as polyethylene glycol, polyvinylpyrrolidone, and dex-
tran is achieved to inhibit protein corona formation. This sys-
tem increases systemic circulation of the nanoparticles prior to
reaching target sites owing to macrophage uptake avoidance.l1%)
As mentioned earlier, hard protein corona formation alters nano-
material’s identity. Accordingly, employing specific artificial pro-
tein corona (protein corona shield) on nanoparticles that could
inhibit adsorption of undesired proteins such as opsonin protein
can be considered a promising strategy to elude the immune sys-
tem and increase the targeting ability of nanoparticles. For ex-
ample, recombinant fusion protein consisted of HER2-binding
affibody combined with a glutathione-S-transferase create a func-
tional protein corona shield with minimal reactivity to proteins in
physiological fluids.!?2!]

In addition to target delivery impairment, protein corona af-
fects drug sustained release. It is concluded that protein corona
significantly decreases the drug release burst effect, which plays
a key role in controlled drug release and reduces the systemic
adverse effect of anticancer drugs.[21%222]

Protein corona formation on MBG surfaces is a complex pro-
cess influenced by a variety of factors. As mentioned earlier, sur-
face characteristics, protein properties, and environmental fac-
tors are influential in determining the composition, amount, and
activity of the adsorbed protein.'® Despite the significant role
of protein corona in defining nanoparticle drug delivery and re-
lease characteristics, there is a lack of studies on MBGs as a spe-
cific class of BGs with promising potential in anticancer drug de-
livery. Hence, several purposeful, well-designed in vitro and in
vivo studies with particular attention to MBGs distinct protein
adsorption characteristics compared with conventional BGs are
required to specify the influence of protein corona on MBGs and
drug interactions.

7. Immunogenicity

MBG nanoparticles have gained increasing attention in
nanomedicine, mainly due to their in vitro therapeutic potential
as drug delivery systems (DDSs), for bone cancer treatment,

Figure 15. Light-responsive SrFe;,04/MBG/chitosan composite scaffold for simultaneous bone cancer therapy and regeneration in vivo. A) Micro-CT
images of defects after being implanted with different samples; blank control, mesoporous BG/chitosan (BCS), SrFe;,014—BG—chitosan (MBCS) at two
different ratios of 1:3 (MBCS1:3) and 1:7 (MBCS1:7). B) Light images relating to the Van Giesons picrofuchsin-stained sections of defects filled with
the scaffolds up to 12 weeks. The new bone tissue and scaffolds can be seen in red and black, respectively. C) IR thermal images and D) temperature
(°C) versus time (min) curves of the implanted MBCS1:3 scaffold into tumor-bearing mice with and without laser irradiation. E) Fluorescence images
of implanted MBCS1:3 scaffolds into tumor-bearing mice with and without laser irradiation up to 12 days. F) The change in tumor size over time after
being treated with the MBCS1:3 scaffolds, n = 5. Reproduced with permission.['72] Copyright 2018, Elsevier.
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Figure 16. Protein corona formation and its determinant factors. A) Schematic illustration with a futuristic vision of the protein corona formation on
MBG upon coming in contact with blood plasma. Reproduced with permission.[2%] Copyright 2014, American Chemical Society. B) Nanoparticle and
protein corona formation (adsorbed blue, green, and cyan globules) upon nanoparticles contact with a biological fluid. Reproduced with permission.[20°]
Copyright 2017, American Chemical Society. C) Diagram including major factors affecting protein corona formation; divided into three main categories.
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and for tissue regeneration.!'>#223] Nevertheless, understanding
the impact of MBG-based platforms on the immune system
and inflammation would be of crucial relevance to assess the
biocompatibility of these nanomaterials, and thus to tune the
interplay with immune cells.

Before discussing the effect of MBGs on immune response,
the immune system and its function are introduced and briefly
described. The immune system comprises entire tissues, organs,
proteins, and a variety of specialized cells that cooperate in a
fascinating way to mount an immune response. The immune
system can defend against disease-causing microbes or foreign
materials, and it can also distinguish “self” from “nonself” anti-

Adv. Sci. 2022, 9, 2102678

gens or “normal” from “abnormal” cells. The immune response
is broken down into innate (nonspecific) and adaptive (acquired
or specific) immunity. The innate immune system provides the
first line of the host’s defense through mechanisms that in-
clude physical/chemical barriers and effector cells, like natural
killer (NK) cells, granulocytes, monocytes/macrophages, innate
lymphoid cells, and endothelial/epithelial cells. They participate
in phagocytosis and control of inflammation by producing cy-
tokines and soluble mediators. The adaptive immune response
is mainly carried out by two different classes of lymphocytes,
T and B lymphocytes, the principal actors of the cell-mediated
and humoral immunity, respectively.??*l At the bridge between
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innate and adaptive immunity reside dendritic cells (DCs), con-
sidered professional antigen-presenting cells (APCs). Immature
DCs patrol the periphery, where they regularly uptake and pro-
cess self-antigens, keeping self-tolerance. Detection of invading
pathogens or “danger” signals through pattern-recognition recep-
tors (PRRs) induces functional maturation to immunogenic DCs.
It results in the expression of costimulatory molecules, the re-
lease of proinflammatory cytokines, upregulation of major histo-
compatibility complex (MHC) molecules that enhance the ability
of DCs to migrate toward secondary lymphoid organs. In these
organs, APCs interact with and present antigen coupled to MHC
to naive T lymphocytes that differentiate into antigen-specific ef-
fector T cells. By contrast, B lymphocytes differentiate into cells
secreting antigen-specific antibodies (described in a treatise by
Kaufmann(?%]).

When engineered nanostructures enter the body as foreign
materials, they likely encounter and interact with the innate im-
mune system first. Following detection through PRRs, innate
phagocytic cells, mainly APCs, engulf NPs, and produce inflam-
matory cytokines and a high level of reactive oxygen species
(ROS). Chronic inflammation and sustained oxidative stresses
might contribute to malignancy development and tumor progres-
sion, fueling cancer.l??’] Depending on their physicochemical fea-
tures, nanoparticles can differently modulate immunogenicity,
and they might trigger undesired immune responses.!??’] There-
fore, nanomaterial immunotoxicity needs to be addressed in both
in vitro and in vivo studies to assess the suitability of these nano-
materials for nanomedicine applications.

Although MBG design and development as DDS dated back to
2004, the immunological profile of this platform has been argued
only lately. Montes-Casado and co-workers recently addressed
the in vitro compatibility of mesoporous SiO,—CaO nanospheres
(NanoMBGs) on immune cells involved in both innate and adap-
tive immune responses. MBG nanoparticles were efficiently in-
ternalized by endocytic pathways, involving actin, clathrin, and
phosphoinositide 3-kinase (PI3K) activity, into different murine
cells, as spleen B (CD19%) and T (CD4* and CD8") cell subsets
or bone marrow-derived dendritic cells (BMDCs).[228] Cell activa-
tion and maturation status is not altered, and with only a slight in-
crease in CD86 expression in LPS- or Poly I: C-stimulated mature
BMDCs. Neither splenocyte frequencies nor cytokine production
was affected by MBG nanoparticles, including secretion of the
inflammatory IL-6 cytokine, overall underscoring their biosafety
profile (Figure 18).12%)

Macrophages are a heterogeneous population of phagocytic
cells playing a central role in inflammation. In response to
several environmental stimuli, they may exhibit different phe-
notypes and functions, displaying a significant degree of plas-
ticity. Macrophages are classified into 1) resting or naive
MO macrophages (M2-like cells), 2) classically activated type
1 proinflammatory or M1 macrophages, 3) or alternatively
activated type 2 anti-inflammatory or M2 macrophages. M1
cells produce proinflammatory cytokines and reactive nitro-
gen and oxygen intermediates, promoting inflammatory re-
sponses and mediating tissue damage. By contrast, M2 cells (or
M2-like cells) generate anti-inflammatory cytokines and tissue-
regenerative factors, orchestrating repair and retaining home-
ostasis. Therefore, macrophage plasticity is critical for the res-
olution of chronic inflammation.[?**! In many solid tumors,
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tumor-associate macrophages (TAMs) are the most frequent
immune cells infiltrating the tumor microenvironment (TME).
They play important roles in tumorigenesis, by secreting cy-
tokines, chemokines, growth factors, enzymes, and are involved
in resistance to cancer chemotherapy and radiotherapy. Like-
wise, TAM can be classified as M1 and M2 macrophage cell sub-
types. In general, they are thought to closely resemble the M2
macrophages,[?*!] expressing among the other surface markers
CD163, CD206, and Arginase-1 (Figure 19), although recent re-
sults provide evidence of an intermediate state of TAMs.[232] NP-
based strategies aimed at eliminating, re-educating or targeting
M1 macrophages in inflammation and M2 macrophages in can-
cer are amidst the desirable approaches to be pursued.l?*3] Some
works have been carried out to evaluate MBG nanoparticle ef-
fect on macrophage polarization in this context.[23*23%] An in vitro
study focused on the effect of an MBG nanoparticle with molar
composition 75510,-20CaO-5P,0; (MBG-75S) on macrophage
polarization toward the proinflammatory M1 phenotype. In this
regard, a mouse macrophage cell line was cultured for 24 h
with or without 1 mg mL™" of MBG-75S, in the presence or
absence of inflammatory stimuli, and evaluated for the expres-
sion of the M1 marker CD80. Compared to the control, MBG-
75S treated macrophages did not exhibit the M1 phenotype, in-
dicating that these nanomaterials would trigger innate immune
responses without leading to chronic inflammation.[?*! In vivo
implantation of MBG incorporating Cu®* inorganic ions (Cu-
MBG) recruited more anti-inflammatory CD163* (M2 marker)
macrophages than the MBG control, without any significant
difference in the expression of the M1 marker CCR7 between
groups of animals receiving MBG or Cu-MBG implants. By
contrast, in the in vitro assay, the expression levels of IL-1f
(M1 marker) and IL-1ra (M2 marker) increased after Cu-MBG
exposure.”] The authors speculated that the difference observed
between the in vivo and in vitro data was due to the complex-
ity of the in vivo microenvironment and overall suggested that
Cu-MBG may trigger tissue-regenerative macrophages.!?*’] Alto-
gether, these results indicate that MBG nanomaterials might po-
larize macrophages toward the M2 phenotype which is more fa-
vorable for tissue regeneration and inflammation resolution (Fig-
ure 19).

To reduce in vivo inflammation, MBG nanoparticles might be
formulated with antioxidant agents to lower the expression of
pro-inflammatory and oxidative stress-related genes.[**! Accord-
ingly, MBG nanoparticles containing the antioxidant cerium (Ce)
element appeared to be capable of downregulating the expres-
sion of IL-1p and IL-6 proinflammatory genes in macrophages
cultured in vitro with Ce-MBG nanoparticles. Such nanoparti-
cles can also minimize the oxidative stress responses induced in
the presence of oxidizing agents. Besides, Ce-MBG nanoparticles
were confirmed to not exert cytotoxicity against fibroblasts, as-
sessing their in vitro biocompatibility.[2*8] Recently, the incorpo-
ration effect of boron (B) into MBGs on inflammatory response
was investigated. The results indicate that boron-doped MBGs
were not cytotoxic toward mouse bone marrow stromal cells at
concentrations of 0.1-1 mg mL ~!. When macrophages were
incubated for 4 h with boron-doped MBGs or MBGs at a con-
centration of 1 mg mL ~!, the presence of boron significantly
decreased IL-6 gene expression compared to macrophages in-
cubated with boron-free MBGs. This mechanism unfolds the
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Figure 18. Uptake of MBG nanoparticles by bone marrow-derived dendritic cells (BMDCs). A) Flow cytometry analysis of unstimulated (green, US),
or LPS (red) or Poly I:C (PI:C, blue) stimulated BMDCs treated or untreated (gray) with fluorescein isothiocyanate (FITC)-labeled-MBG nanoparticles
during 24 h. Graphs show the percentage of FITC" cells (middle panel) or the median of fluorescence intensity (MFI, right panel). Immature as well
as mature BMDCs take up the nanosphere. B) Confocal microscopy analysis of BMDCs after incubation of 2 h with FITC-MBG nanoparticles shows
the cytosolic distribution of nanospheres. FITC-MBG nanoparticles are shown in green, in blues is shown cell nucleus stained with Hoescht dye. C)
Unstimulated, or LPS- or Poly I:C-stimulated BMDCs were incubated (gray bars) or not (light blue bars) with nanospheres during 24 h and evaluated
for the expression of CD11c, CD40, CD86, MHC |1, CD80 surface markers. Graphs show the MFI. MBG nanoparticles do not alter the maturation status
of BMDCs, except the expression of CD86. D) ELISA assay for the detection of IL-6 in 24 h culture supernatants of BMDCs incubated (gray bars) or not
(light blue bars) with nanospheres, in the presence or without stimuli. MBG nanoparticles do not induce the proinflammatory IL-6 cytokine in immature
BMDCs (US), indicating that these nanomaterials do not induce DC maturation by themselves. Reproduced under the terms of CC-BY license open
access.[??°] Copyright 2020, MDPI.

ability of boron to reduce inflammatory responses upon MBG
administration.[*] Overall, these studies confirm the biocompat-
ibility of MBG nanoparticles as they do not trigger harmful im-
mune responses.

Among the next-generation antitumor approaches, immuno-
genic cell death (ICD) may be considered as a promising strat-
egy to be pursued for treating and likely eradicating cancer.

Adv. Sci. 2022, 9, 2102678

ICD is a form of regulated cell death that triggers adaptive im-
mune cells to mount an antitumor immune response, eventu-
ally generating long-term immunological memory.[**! This pro-
cess occurs when dying malignant cells mediate immunostimu-
latory effects in response to specific stress via the release of cy-
tokines and adjuvant-like signals and through the expression of
tumor neoantigens that reshape the immunosuppressive TME
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distinct phenotypic and functional properties. Cytokine release profile of M1-polarized cells includes IL-6, IL-12, IL-23, TNF-q, IL-18, as well as NO and
ROI. Cytokine release profile of M2-polarized cells includes IL-4, IL-10, [L-13, IL-1ra. Induction and activation of M1 cells lead to inflammation and tissue
damage, while M2-polarized cells promote tissue repair and regeneration. B) Phagocytosis of MBG-75S nanomaterials does not induce macrophage
polarization toward the proinflammatory M1 phenotype. C) In vivo phagocytosis of Cu-MBG nanoparticles by monocyte/macrophages leads to their
activation and polarization into the anti-inflammatory CD163* M2 phenotype. IFN-y: interferon-gamma; LPS: lipopolysaccharide; TNF-a: tumor necrosis

factor-alpha; TLR: toll-like receptor; TGF-g: transforming growth factor-beta; NO: nitric oxide; ROI: reactive oxygen intermediate.

into an immunogenic microenvironment. These events collec-
tively support the recruitment and the activation of APCs which
cross-prime tumor-specific cytotoxic T lymphocytes into drain-
ing lymphoid organs, potentially driving the tumor-targeting im-
munity at microenvironmental level.[*?] Several stimuli and an-
ticancer treatments can lead to the ICD cascade by triggering
ROS generation that induces the intracellular endoplasmic retic-
ulum (ER) stress or through the mitochondrial outer membrane
permeabilization phenomenon.[2*%2*1] Chemotherapeutic drugs
(e.g., DOX), oncolytic viruses, physicochemical therapy, radio-
therapy, PTT, irradiation, and PDT are considered as bona fide
ICD triggers.[2*02%2] When tumor cells undergo ICD, they ex-
pose or secrete and release a panel of immunogenic damage-
associated molecular patterns as cellular adaptation in response
to the stress. These include the cell-surface ER calreticulin (CRT)
and the heat-shock proteins (HSP70 and HSP90), the secreted
adenosine triphosphate, the released high-mobility group box-1,
the mitochondrial DNA (mtDNA), cytokines as type I interfer-

Adv. Sci. 2022, 9, 2102678

ons (IFNs) and IL-1 family members.?*124] While conventional
ICD approaches might suffer from some limitations (e.g., lim-
ited accumulation and retention, drug resistance, toxicity, and
slow release in tumor tissue and cancer cells), nanosized DDSs
might be employed to overcome these challenges and to im-
prove cancer immunotherapy through ICD boosting.[***] Cur-
rently, diverse lipidic, polymeric, and inorganic DDSs engineered
for the delivery of chemotherapeutic ICD inducers are under
investigation.?*2] Additionally, nanomaterials-based PDT com-
bined with PTT, chemotherapy, radiotherapy, and immunother-
apy have been shown to synergistically enhance ICD.[>] Con-
sidering the great potential of MBGs as DDS and/or stimuli-
responsive platform, it is reasonable to suppose that the bona
fide ICD agents embedded into MBG nanoparticles are able to
exert the immunogenic death of cancer cells. For instance, zinc-
containing BGs administered to MG-63 human osteoblasts cell
line were demonstrated to be able to induce in a dose-dependent
manner the release of markers indicative of oxidative stress.[**¢]
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Similarly, holmium-containing BGs inserted in a thermorespon-
sive hydrogel activated selective osteosarcoma cell death by in-
ducing reactive oxidizing agents.[?*’] However, several in vitro
and in vivo assays are required to validate the effective capacity
of the candidate MBGs to trigger ICD.[>*?]

8. Biomolecular Mechanisms Underlying
Anticancer Effects of MBGs

Considering the possibility of cellular and genetic impairment
by the biomaterials in patients, the evaluation of the safety of
MBGs is a crucial step for developing these materials for biomed-
ical applications. Conversely, biomolecular pathways involved in
suppressing/enhancing cancer progression are other essential
aspects in developing efficient therapeutics against cancer. Al-
though MBGs have gained immense attention for various clin-
ical applications due to their high biocompatibility, there are
limited investigations on the biomolecular mechanisms behind
the effects of MBGs on human health. In this respect, the cel-
lular and molecular pathways underlying these biomaterials’
anticancer effects should be precisely understood to assist re-
searchers in developing safe and effective manufacturing ap-
proaches for MBGs.[116]

Numerous experimental studies have demonstrated that inte-
grating MBGs with metallic ions (e.g., Ag, Ca, St, Cu, Mg, and
Zn) imparts further therapeutic qualities, including angiogen-
esis, anticancer, and anti-inflammation properties. Indeed, de-
pending on the types of metallic ions and their concentration,
each such therapeutic application could be achievable. For in-
stance, copper (Cu) is a vital regulatory factor not only involved in
the modulation of cell proliferation, but also in regulation of an-
giogenesis processes such as stimulation of VEGF, angiogenin,
fibronectin, and fibroblast growth factor-1 and 2 (FGF-1/2).128]
Cu could likewise induce angiogenesis through two main sig-
naling pathways, including hypoxia-inducible factor-1 (HIF-1)
that activates the initiation step of the angiogenesis process,!2*]
and mitogen-activated protein kinase (MAPK) signaling path-
way that plays an important role in endothelial cell proliferation,
which eventually accelerates wound healing.[**] Additionally, Cu
in combination with other therapeutic agents could also be used
for anticancer purposes. As an example, a research group re-
ported Cu-doped MBG nanoparticles with photothermal activity
for enhancing chemotherapy against bone tumor cells.>®! This
platform could modulate photothermal effect and enhance the
drug loading capacity with a sustained release for a long time
simultaneously. The in vitro evaluation showed the lowest cyto-
toxicity against normal cells and good bioactivity by inducing ap-
atite mineralization formation, offering a remarkable strategy for
bone tumor therapy. Mg as another metallic agent is essential
to most cellular processes, including energy metabolism, DNA
transcription, and protein synthesis, which could induce mTOR
activity in tissues, resulting in inhibition of autophagy and pro-
motion of cellular viability.®!] Numerous studies have demon-
strated that Mg-doped MBG nanoparticles have reliable bioactiv-
ity with high anticancer efficiency, thus representing a promising
multifunctional candidate for cancer therapy.!2>2-2*]

Ca’* in MBG nanospheres has been shown to induce tran-
sient receptor potential (TRP) channels and calcium-sensing re-
ceptor (CaSR) on tumor cells, which resulted in modulation of the
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Calpain-1-Bcl-2-Caspase-3 signaling pathway to targeted inhibit
tumor growth without significant toxicity on normal cells.??] It
was also shown that dendritic MBG nanospheres incorporating
anticancer drugs could improve the antitumor efficacy and min-
imize its systemic toxicity. Because the excess intracellular Ca**
causes apoptosis, the effective primary strategy for suppressing
tumors, Ca?* addition to MBG could be a promising approach
for cancer therapy.[2>>25¢]

Silver ion (Ag") is another potential anticancer agent that in-
duces cytotoxicity against tumor cells through generating ROS.
A recent investigation developed silver oxide (Ag,0)-doped MBG
nanoparticles for the controlled release of DOX and evaluated the
anticancer activity in human bone tumor cells (MG-63).1'8! Tt was
proposed that Ag nanoparticles in combination with DOX could
act as potential anticancer agents. Their cytotoxic mechanisms
against tumor cells typically trigger oxidative stress, subsequent
induction of mitochondrial damage, apoptosis, and DNA dam-
age. Notably, the toxicity evaluation of Ag,0-MBG nanoparticles
on normal human fibroblast (NHFB) cells indicated very low tox-
icity, introducing Ag,O-MBG as a suitable alternative for conven-
tional cancer treatment and angiogenesis inhibitor therapy due
to its effective anti-cancer properties.

Naturally occurring compounds could also be encapsulated
into MBGs to improve their bioavailability, which is an impor-
tant but challenging issue against their therapeutic impacts. For
instance, silibinin, a natural anticancer flavonolignan agent, was
encapsulated into MBG nanoparticles and the therapeutic effects
against breast tumor cells (MDA-MB-231) were studied.**] The
results showed that silibinin-loaded MBGs at two optimal con-
centrations (9 and 18 ug mL™!) could affect the expression of
the oncogenic protein (transcription factor) STAT3 (signal trans-
ducer and activator of transcription-3), resulting in disruption of
the mitochondria activity and tumor suppression, whereas it ex-
hibited reduced effects on normal cells. Since STAT3 is involved
in inducing cancer-related genes and physically and function-
ally interacting with other tumor transcription factors, silibinin-
loaded MBG nanoparticles were suggested as a novel and effec-
tive agent for safe breast cancer chemotherapy.?*! A schematic
illustration of some possible therapeutic effects of MBGs com-
bined with ions and chemotherapy agents is shown in Figure 20.

According to the aforementioned in vitro and in vivo stud-
ies, the antitumor activity of MBGs against tumor cells has been
evaluated. However, just a few biomolecular mechanisms un-
derlying anticancer activity of MBGs have been revealed. To this
end, the impact of MBGs on noncoding RNAs, phosphatase, and
tensin homolog as an inhibitor of Akt signaling, epithelial-to-
mesenchymal and so on should be elucidated to show the full
capacity of MBGs in targeting and modulating molecular path-
ways for efficient cancer therapy.

9. Paving the Way for Clinical Translation

Translating the knowledge archived in laboratories into clinical
trials (bench-to-bedside) is an important and challenging issue
for applying a safe and efficient cancer treatment.[?’] Despite
the remarkable progress in basic science (preclinical and animal
studies), technology, and our understanding of human biology,
translating such technologies into practice is not keeping pace
with the rising demand. Developing antitumor therapeutics have

2102678 (36 O‘F44) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

MBG

Ca

|

e
|

KRN

www.advancedscience.com

MBG

fu \‘\K\H \‘ u
I(] W VH( !

ncer Cell

IR
Il /Wu//m

Mitochondrial Damage

'DNA Damage
Nucleus

Figure 20. Schematic illustration of some possible effects of ion-incorporated MBGs for cancer therapy. Apoptosis can be induced by triggering mi-
tochondrial damage and upregulating proapoptotic factors such as caspases. Furthermore, DNA damage and molecular pathways involved in cancer
proliferation such as Akt, MAPK, and STAT3 can be modulated. As a major mechanism involved in cancer metastasis, angiogenesis of cancer cells can be
regulated by MBGs by affecting HIF signaling pathway. Abbreviations: MBG, mesoporous bioactive glass; HIF, hypoxia-inducible factor; TRP, transient
receptor potential; CaSR, calcium-sensing receptor; Cyt C, cytochrome C; STAT3, signal transducer and activator of transcription 3; Akt, protein kinase

B; MAPK, mitogen-activated protein kinase; DOX, doxorubicin.

typically encountered several restrictions in terms of clinical im-
pacts, especially for their side effects against healthy tissues.!?®]
Although numerous in vitro studies have indicated that MBGs
combined with chemotherapy agents and ions could suppress tu-
mor cells’ activity with limited toxicity against normal cells, there
are limited precise in vivo studies and almost nonexistent clini-
cal research in this field. In light of this, a significant issue that
should be carefully investigated in the future is the risk of tox-
icity in a broad context, including systemic, tissues, and organs
affected by MBGs. To promote and accelerate the translation of
preclinical investigations into clinical applications, more promis-
ing materials are needed to fabricate rational therapeutics that
only target tumor sites with minimum side effects. In silico eval-
uation, state-of-the-art technology to assay approved medicines,
decreases the drug’s regulatory costs and the time to market for
innovation. Itis vital to translate human biomedical products into
clinical trials and to pave the innovation to the market.[>! The
combination of in silico assessments and large molecular/drug-
related databases helps select appropriate therapeutics by screen-
ing their possible side effects and evaluating their interaction
with host cells. To date, several computational strategies and
numerous algorithms have been utilized for simulating 3D tu-

Adv. Sci. 2022, 9, 2102678

mor growth to evaluate large-scale biological issues.!?**] However,
due to a number of issues, there are limited efficient antitumor
drugs.*! To this end, a balance between fundamental discovery,
including in vitro and in vivo studies, and applied research may
be crucial for developing repurposed drugs, considering the com-
prehensive chain translating from basic research to clinical evi-
dence and practice to proof of concept.[?%?] This convergent path-
way is schematically illustrated in Figure 21. Moreover, to achieve
successful translation research from bench-to-bedside, rather
than focusing on only technology, multidisciplinary collabora-
tions between science and industry is fundamentally required,
alter in view of the training of the next generation of researchers.

10. Conclusion and Future Perspectives

Compared to conventional BGs, MBGs have opened a new av-
enue to modern cancer therapy through their extraordinary prop-
erties. MBGs are endowed with excellent physical and chemical
properties, tailorable morphological, textural, and surface chem-
istry (functionalization) properties, besides their highly biocom-
patible nature. Other key features of MBGs are their tunable
composition via facile synthesis techniques, cost-effectiveness,
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Figure 21. The convergent pathway toward clinical translation of MBGs
requires a necessary balance between in vitro, in vivo, and in silico studies.

and greater sustainability. MBGs have an amorphous structure
and different therapeutic agents with specific capabilities in-
cluding antibacterial, antiangiogenic, anti-inflammatory, and an-
ticancer agents can be either embedded or be loaded into the
mesopores.l”!72] Regarding applications in cancer therapy, the
large surface area of MBGs allows the encapsulation of both hy-
drophilic and hydrophobic anticancer drugs, as well as photody-
namic and photothermal agents into their well-ordered structure
with high cargo loading capacity. Such capability makes MBGs
excellent candidates to fabricate advanced drug delivery systems
with a sustained and/or controlled drug release profile in can-
cer therapy.[23-2%5] Tn addition, several ions with anticancer and
regenerative properties can be integrated into the framework
of MBGs with excellent contribution in tissue engineering!?]
and cancer therapy.)l Moreover, MBGs enable the simultane-
ous delivery of therapeutic ions and drugs to obtain synergis-
tic outcomes.[?®) Although, monotherapy using MBGs is gener-
ally used to ablating tumors, complete tumor eradication, the
killing of deep-seated tumors is still a significant challenge in this
arena.l?®l The design and implementation of combination ther-
apies using chemotherapy, photodynamic therapy, photother-
mal therapy, immunotherapy, radiotherapy, and gene therapy to
achieve a complementary multitherapeutic efficacy are of espe-
cial importance to overcome the hard to ignore limitation.l?*’] In
addition, the vital issues of large-scale production, reproducibil-
ity, precise physiochemical property and surface modification, de-
sirable biological effect as well as underlying therapeutic mecha-
nism of MBG-based formulations should be further resolved in
future investigations. Moreover, the combination of regenerative
biomaterials based on MBGs with concurrent therapeutic and
regeneration approaches for versatile biomedical applications is
still in its infancy. By using MBG-derived multifunctional bioma-
terials not only simultaneous bone tissue regeneration/bone can-
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cer treatment can be achieved, but also MBGs have the potential
to be beneficial in contact with other tissues and organs including
skin-cancer therapy/skin tissue regeneration, skin infection ther-
apy/skin tissue repair, osteoarticular tuberculosis therapy/bone
tissue regeneration, and so on.

As foreign materials, MBGs might be potentially immuno-
genic and trigger harmful immune responses. In this scenario,
a deeper understanding of the impact of MBGs on the host’s
immune system would be fundamental to guide the design of
safe therapeutic products based on these nanomaterials. Re-
cently, in vitro studies have assessed the immunotoxicity of
MBGs and confirmed their biocompatibility.[*>22>238] Also, in-
ducing macrophage polarization toward the anti-inflammatory
M2 phenotype, MBGs might be considered as a suitable plat-
form for nanomedicine applications without triggering chronic
inflammation. Nevertheless, there are still some unsolved bio-
logical aspects of these materials for reliable cancer therapy, in-
cluding the optimal dosage of therapeutic molecules (e.g., ions,
drugs) for incorporating into MBGs, the long-term side effects of
MBGs, and the in vivo fate of MBGs. It is crucial to first study the
potential of these materials as safe and potent drug delivery struc-
tures through performing well-organized preclinical and clinical
studies. The ideas reported in this article explore fundamental
issues of BGs, specifically MBGs, in combination with nanotech-
nology to offer an overview of the potential for these carriers for
subsequent clinical trials. In this regard, multifunctional MBGs
have shown efficient drug delivery capability with high bioactiv-
ity, making them good candidates for clinical applications. The
authors anticipate that the combination of MBGs and targeting
moieties will offer increased safety for more precise treatment of
cancer in the near future.
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