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Abbreviation Explanation

MSNs Mesoporous silica nanoparticles
DDS Drug delivery system

SBA Santa Barbara Amorphous

MCM Mobile Crystalline Material

MSU Michigan State University Materials
PAA Poly acrylic acid

CTAB Cetyltrimethylammonium bromide
EPR Enhanced permeability and retention
MDR Multidrug resistance

HeLa Human cervical carcinoma

DOX Doxorubicin

B-CD B-cyclodextrin

PEG Polyethylene glycol

HMSNs Hollow mesoporous silica NPs
VEGF Vascular endothelial growth factor
PDA Polydopamine

HA Hyaluronic acid

PDT Photodynamic therapy

SCC7 Squamous cell carcinoma 7

ETS Etoposide

PEMs Polyelectrolyte multilayers

GSH Glutathione

DTT Dithiothreitol

CytC Cytochrome C

TPT Topotecan

us Ultrasonic

NIR Near-infrared

CuS Copper sulfide

MRI Magnetic resonance imaging

Ol Optical imaging

PET Positron emission tomography

CT Computed tomography
PNIPAAM Poly(N-isopropyl acrylamide)
LCST Low critical solution temperature
PEI Poly(ethylenimine)

HER2 Human epithelial growth factor receptor 2
GQDs Graphene quantum dots
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CDs Carbon dots

RES Reticuloendothelial system

TPGS Tocopheryl polyethylene glycol 1000 succinate
PLH Poly (L-histidine)

TAT Trans-Activator of Transcription

MPS Mononuclear Phagocyte System
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Abstract

(Cannar 10 tha canan A ~ncvica Af hirvnan mmavtalitxr aftar cardiaxracciilar dicanca ararin A tha ~laha
Conventional cancer therapies are chemotherapy, radiation, and surgery. In fact, due to the lack
of absolute specificity and high drug concentrations, early recognition and treatment of cancer
with conventional approaches have become challenging issues in the world. To mitigate against
the limitations of conventional cancer chemotherapy, nanomaterials have been developed.
Nanomaterials exhibit particular properties that can overcome the drawbacks of conventional
therapies such as lack of specificity, high drug concentrations, and adverse drug reactions.
Among nanocarriers, mesoporous silica nanoparticles (MSNs) have gained increasing attention
due to their well-defined pore size and structure, high surface area, good biocompatibility and
biodegradability, ease of surface modification, and stable aqueous dispersions. This review
highlights the current progress with the use of MSNs for the delivery of chemotherapeutic agents
for the diagnosis and treatment of cancer. Various stimuli-responsive gatekeepers, which endow
the MSNs with on-demand drug delivery, surface modification strategies for targeting purposes,
and multifunctional MSNs utilized in drug delivery systems (DDSs) are also addressed. Also, the
capability of MSNs as flexible imaging platforms is considered. In addition, physicochemical
attributes of MSNs and their effects on cancer therapy with a particular focus on recent studies is
emphasized. Moreover, major challenges to the use of MSNs for cancer therapy, biosafety and

cytotoxicity aspects of MSNs are discussed.

Keywords: Mesoporous silica; Nanoparticles; Cancer therapy; Diagnostics; Drug delivery
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1. Introduction

(Cannar 10 a noarmmhinatinn Af o larca ovanin Af dicancac xwrith cavraral anvriranmantal and canatin

factors. Common genetic and external factors that impact cancer death in humans include
exposure to physical carcinogens, chemical carcinogens, environmental pollutants, diet and
obesity, infections, biological carcinogens, and radiation. Conventional methods for the
treatment of cancer include chemotherapy, radiotherapy, and surgery (Hasan-Nasab et al., 2021;
Mohammady et al., 2016). Unfortunately, radiotherapy and surgery are limited to the treatment
of localized cancers that are found in one area of the body (Baskar et al., 2012). On the other
hand, although chemotherapy is a treatment foradvanced cancersthat enter
the bloodstream or lymph system, most anticancer drugs cause severe side effects on healthy
cells and are limited by cancer cells induced multidrug resistance (MDR) (Bukowski et al., 2020;
Kankala et al., 2020b). It is therefore vital to develop new strategies for the targeted delivery of
chemotherapeutics to release them precisely at the tumor site and thereby reducing side effects,
MDR, metastasis, and tumor recurrence caused by traditional treatments (Sodagar-Taleghani et
al., 2021). For diagnosis, monitoring, and treatment of cancer, nanotechnology can be a
promising strategy for the development of drug delivery systems (DDSs) (Sodagar-Taleghani et
al., 2020).

So far, the differences in nanoscale DDSs have been greatly observed in increasing the
effectiveness of anticancer agents. The highest therapeutic efficiency for delivery into anticancer
DDS has been obtained for average particle diameters lower than 100 nm. At a scale of 1-100
nm, nanomaterials have a large surface area and high functional groups on their surfaces, which
allow them to be conjugated with several diagnostic and therapeutic agents. Nanoparticles (NPs)

represent a wide range of substances that effectively improve drug delivery via conquering
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anatomical and chemical barriers within the cancer microenvironment. This enhances the mean
nirncnilatinn timma hyr radiicinag ranal Alanranca and inorancina antixra taraatina (Van ot ol DNDNN
The high capacity of nanomaterials for the loading of therapeutic agents is considered a novel
approach for achieving considerable therapeutic efficacy with minimal side effects, especially for
cancer medicines. Generally, a high specific surface area is one of the main advantages of all
nanomaterials (Sadeghi-Ghadi et al., 2021). Nanomaterials have received much attention as they
can be utilized in different fields based on their unique electrical, optical, biological, magnetic,
mechanical, thermal, and catalytic properties. When a specific surface area per mass of a
material increases, a greater amount of nanomaterials can come into contact with
microorganisms, which can affect reactivity. The characteristics of the nanostructures such as
chemical modification, or coating, size distribution and, surface morphology/topography can
influence the anticancer properties of drugs (Raj et al., 2021; Sadeghi-Ghadi et al., 2020).
Although a large number of nanomaterials with various morphologies have been synthesized,
some NPs have been extensively used in medical and anti-tumoral fields. NPs possess unique
physical and chemical properties that allow the prediction of their interaction in both prokaryotic
and eukaryotic cells (Rosenblum et al., 2018).

NPs in the field of biomedicine (sensing, drug delivery, photo-thermal therapy, imaging, etc.),
can be used as probes to study biological processes. NPs can be arranged into various groups
based on their size, shape, morphology, and physical and chemical properties. Some include
different carbon group-based NPs, ceramic NPs, polymeric NPs, metal NPs, semiconductor NPs,
and lipid-based NPs. NPs have two main classifications based on their composition, which
include organic and inorganic nanomaterials. These NPs are used to protect drugs from

degradation and control the release of drugs, especially drugs conjugated to NPs, resulting in
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extended retention/accumulation in the target area. Many organic NPs induce strong anticancer
afficnanxs it thair nlinical annlicatinne ava limitad diia +a tha lanl AfF ctahilitxr (T 1 ot ol ONT1TRH)

Among the various NPs, mesoporous silica nanoparticles (MSNs) have had enormous
considerations due to features which include their tunable and uniform pore size, high pore
volume, large surface area, ease of surface modification, external and internal pores, the gating
function of the pore opening, high biocompatibility and biodegradability, high mechanical and
thermal stability, high loading capacity, and stable aqueous dispersions (Gupta et al., 2020; Liu
et al., 2021; Narayan et al.,, 2018). This review provides an overview of the updated
achievements in the use of MSNs drug delivery including their characteristics, efficacy, and
toxicity as a versatile platform for both diagnosis and therapy of cancer. The review also

addresses the challenges and future outlook of MSNSs.

2. Mesoporous Silica Nanostructures

MSNs have gained considerable attention as promising platforms for different biomedical
applications (Deodhar et al., 2017; Sodagar-Taleghani et al., 2019; Yu et al., 2017) particularly
for diagnosis (M Rosenholm et al., 2011), biosensing (Hasanzadeh et al., 2012), targeted drug
delivery (Bharti et al., 2015), and cellular uptake mechanisms (Huang et al., 2010). MSNs can
enhance drug solubility and stabilize/control different therapeutic agents (Suzukin et al., 2004).
Researchers have indicated that MSNs can effectively induce endocytosis in vitro with various
kinds of mammalian cancer cells including CHO, Panc-1, lung, and HelLa (human cervical
carcinoma) (Zivojevi¢ et al., 2021). The unique structural properties of MSNs make it a suitable
reservoir for loading therapeutic/diagnostic agents as has been described as an invention in some

patents (Table 1). The hydrophobic core of mesoporous silica is useful for drug loading whereas
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the hydrophilic surface blocks opsonic phagocytosis and leads to easier motion in the body
(W anlrala af ol 2000

MSNs can be divided into different families depending on the pore size, particle diameter,
surface area, and synthesis method. Among various mesoporous silica structures, Santa Barbara
Amorphous (SBA-), Mobile Crystalline Material (MCM-), and Michigan State University
Materials (MSU-) families have been widely studied for drug delivery. Figure | indicates the
commonly used MSNs in the formulation of DDSs (Trzeciak et al., 2021).

Sol-gel method (Singh et al., 2014), flame synthesis (Kammler et al., 2004), and reverse
microemulsion (Finnie et al., 2007) are the most common techniques used to synthesize MSNSs.
The sol-gel technique is widely applied to synthesize silica nanostructures due to its ability to
control the morphology, size distribution, and particle size by monitoring the reaction variables
(Rahman and Padavettan, 2012). MSNs can be fabricated using tetraethyl orthosilicate (TEOS)
as a precursor. Water is the most commonly used solvent for the manufacture of MSNs through
the sol-gel process (Lei et al., 2020).

The biological behavior of NPs (e.g., cytotoxicity, biocompatibility, and biodegradability,) is
affected by changes in the NP’s size, shape, pore, and surface properties. Hence, the setting up of
the physicochemical properties has gained much attention to ascertain an appropriate biological
function. To achieve MSNs as an ideal carrier in DDS, the size of particles, the shape of
particles, and topology are considered to improve loading capacity. These factors can be adjusted
by varying the experimental factors including changing the temperature, the reaction mixture pH,
type and concentration of surfactant as well as the source of silica. Adjusting the synthesis
parameters such as methanol’s amount ratio in the solvent causes the size of the mono-dispersed

MSNs with radial rowed mesoporous to range from tens to several hundred nanometers
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(Rahikkala et al., 2018).

Thaoa MQCNTa xwrith xrariniic mnara cizaa cnn ha tailarad hyr calantina tha diffarant txmaa Af crnarfantanta
The longer hydrophobic chain in surfactants gives rise to MSNs with high pore sizes whereas the
shorter chain length results in MSNs with smaller pores (Egger et al., 2015; Ganguly et al., 2010;
Yano and Fukushima, 2004). The origin of the high surface area in MSNs may be attributed to
the presence of nanochannels in each silica crystal membrane (Narayan et al., 2018).

To fabricate dual-mesoporous materials, binary surfactants are used. For instance, Niu and
coworkers synthesized core-shelled MSNs with bimodal porosities with a larger tunable pore
structure in the core and smaller tunable pore in the shell by using an amphiphilic block
copolymer composition (polystyrene-b-poly(acrylic acid), PS-b-PAA) and
cetyltrimethylammonium bromide (CTAB) as co-templates particles (Niu et al., 2010). Besides
ammonia, other organic amines have also been widely used to provide the effect of basicity on
the synthesis of MSNs. Bein et al. demonstrated that a substitute reaction of the base
triethanolamine based on NaOH or NH4OH was an efficient reaction system for the preparation

of colloidal MSNs with diameters of 20-150 nm (Moeller et al., 2007).

3. Therapeutic Applications of MSNs

3.1 Functionalization of MSNs for Active Tumor Targeting

The surface properties of MSNs are usually insufficient in terms of the induction of the desired
biological response or inhibiting a potentially adverse reaction. They should therefore be
functionalized before application or any further processing such as coating with functional
materials. Surface functionalization of MSNs can be used to improve their physical properties to

confirm higher drug adsorption, better drug delivery, and in obtaining extended drug release in
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target cells (Natarajan and Selvaraj, 2014). Das et al. proved that the functionalization of MSNs

writh Arcnanic ovanino inorancac drmaoc ahoarntian. Thic mmaxr ha dvia +a tha ctrana hvdvacan handine

interaction between the carboxylic acid groups of some drugs and the amino groups of the
amine-modified mesoporous particles (Das et al., 2020).

The incorporation of long-chain organic compounds (-C8 and -C18 groups) onto the MSNs has a
certain effect on their properties. There are three main types of the most common modifications
for MSNs: reduction of the pore size, chemical interaction among the pore surface and adsorbed
pharmaceutical drug, and the reduction of the humidity of the surface area of the pore via
aqueous solutions (Doadrio et al., 2006).

An important surface property of MSNs is their charges or covalent bonding to a variety of
functional groups such as amino, sulfhydryl, and carboxyl groups (Croissant et al., 2018). The
different features of various functional groups can produce different interactions with the host
drug molecules through favorable interactions such as covalent bonding, electrostatic attraction,
or hydrogen bonding (Cheng et al., 2011). MSNs with proper surface modifications can therefore
be good candidates for efficient drug loading and in providing effective drug release. MSNs can
be functionalized organically by using different approaches such as post-synthesis (grafting) and
direct synthesis (co-condensation) methods (Lee et al., 2009). Silanol groups (Si-OH) on the
nanopores surface and the outermost surface of MSNs act as an anchor for chemical cross-
linking. This unique feature provides MSNs with two distinct domains that can be individually
modified. The internal pores can keep DNA, RNA, drugs, and a large number of organic
molecules such as fluorescent or magnetic resonance imaging (MRI) contrast agents. The outer
surface can be modified to provide site-specific drug targeting capacity for intracellular delivery

(Wuetal., 2011).
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The main feature of multifunctional MSNss is their ability to selectively deliver anticancer agents
tn Hrrnar t1iccmiaa Hara tha tavie cida affanta an narvemmal calla can ha minimizad Ta achiaxra thic
aim, active and passive targeting or a combination of both targeting needs to be developed.
Passive targeting of tumors can be achieved by the enhanced permeability and retention (EPR)
effect (Bertrand et al., 2014; Mir and Ebrahimnejad, 2014). Solid tumors grow rapidly, and this
comes with increased nutrient and oxygen demand in tissues. As a result, new capillary blood
vessels are generated, and this process is called angiogenesis. Compared with healthy blood
vessels, these new vessels are often disordered, discontinuous and contain several fenestrations.
Due to the enhanced permeability of the EPR effect, the NPs can leak into tumor tissues through
the gaps. Moreover, owing to the poor lymphatic drainage of solid tumors, molecules smaller
than 4 nm can diffuse back to the blood circulation, whereas the diffusion of larger NPs is
hindered, thus accumulating in solid tumors. This phenomenon refers to the retention of the EPR
effect (Figure 2) (Fox et al., 2009).

Although passive targeting via the EPR effect is a good strategy for the delivery of
chemotherapeutic agents, it has several drawbacks such as the inability to distinguish between
healthy and diseased tissues, inadequate tumor accumulation, inter- and intra-tumor as well as
inter-individual tumor heterogeneity (Subhan et al., 2021). Active targeting and second-
generation nanomedicines with improved functionalities and increased efficacy have therefore
been applied in overcoming the obstacles of passive targeting. This is usually accomplished by
the attachment of a targeting ligand on the outer surface of MSNs, which is specific for the
corresponding receptor. Using cancer-specific targeting ligands for modification of MSNs
surfaces can improve cellular uptake of MSNs into cancerous cells compared to healthy cells

(Sodagar-Taleghani et al., 2021). Various types of ligands have been used for targeting purposes,
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such as peptides, aptamers, small molecules like folate and mannose derivatives, proteins
innlhdina lantin lantafarvin trancfarvin. NMADDine mmananlanal antihadicac and thair ancinaarad
fragments, which specifically attach to receptors overexpressed at the target area (Jafari et al.,
2016; Sharifi et al., 2021a; Srinivasarao and Low, 2017).

Folic acid is a vitamin that acts as a targeting ligand and can be conjugated to the therapeutic
molecule for targeting folate receptors overexpressed in numerous human cancer cells found in
the breast, ovarian, colorectal, endometrial, and lung (Ebrahimnejad et al., 2021). Apart from
folic acid, other small cell nutrient molecules such as mannose have been shown to selectively
enhance the cellular uptake of MSNs by breast cancer cells. For example, Tamanoi et al. showed
high efficacy for the delivery of camptothecin as a hydrophobic anticancer drug, with MSNs as a
drug delivery carrier (Lu et al., 2007). The experiments showed that cellular uptake efficiency in
the cancer cells was improved by attaching folic acid to the MSN surface.

Knezevi¢ et al. constructed folic acid-modified MSNs with pore-bonded vinblastine and
fullerenol-capped as an anticancer drug. The efficacy of therapy on the targeting of cancer-
overexpressed folate receptors compared to cell viability after the healthy MRC-5, cervical
cancer HeLa cells, and breast cancer MCF-7 therapy indicate that the cancer-targeting ability of
the DDS and folate receptor-dependent activity of the prepared material may be constructed for
tumor tissues selective therapy (Knezevic et al., 2016).

Carbon dots (CDs) as novel kind of fluorescent carbon-based nanomaterials have attracted great
attentions in various research fields such as drug delivery, bioimaging, and biosensors (Wan et
al., 2021). Sun and coworkers prepared a fluorescent mesoporous silica-carbon dot nanohybrid.
CDs, from folic acid as the raw material, were synthesized in situ and functionalized via a

microwave-assisted solvothermal reaction on the amino-modified MSNs (MSNs-NH,) surface.
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The nanohybrid showed bright yellow emission-stable and retained the MSNs' superior features
chassina tha ahilits far flaaracnanca imaaina amidad dmo dalivass Thic MO O nanahsdeid
was utilized to target folate receptor-overexpressing HeLa cells. Due to the FA function-alike
structure of the CDs on the surface of MSNs, it is considered a nanocarrier for efficiently
delivering drugs into tumor environments and subsequently reducing the side effects of
chemotherapy (Figure 3) (Zhao et al., 2019).

In another study, iron oxide core@shell MSNs were fabricated and decorated with
polyethyleneimine (PEI) layer and folic acid moieties for efficient delivery of erlotinib. The
results showed that the folate-targeted NPs had higher toxicity in HeLa cells in comparison with
the free erlotinib (Avedian et al., 2018).

Park et al. showed cancer cell-targeting NPs which can load multiple therapeutic agents for
important therapeutic effects and specific therapies for cancer. To achieve these goals,
hyaluronic acid (HA) was attached to targeting MSNs for efficient cancer cell drug delivery. To
minimize the side effects of chemotherapy and synergistic therapeutic effects of chemotherapy.
CD44-targetable MSNs have been used for chemotherapy and photodynamic therapy (PDT).
HA-MSNs are remarkable nanocarriers with favorable CDyy-targeting with the ability for
efficient delivery of dual-drug (Ce6 and doxorubicin (DOX)) to CDg4-expressing squamous cell
carcinoma 7 (SCC7) cells. DOX/Ce6/HA-MSNs indicated high efficient cytotoxicity on green
fluorescent protein-expressing SCC7 whereas up to 250 pg/ml of HA-MSNs was viable for most
of the cells (>95%). This suggested that HA-MSNs are non-toxic and biocompatible nanocarriers
(Park et al., 2019).

Wang et al. fabricated HBS aptamer-modified mesoporous silica-carbon-based DOX-loaded

nanosystems (MSCN-PEG-HB5/DOX) which were characterized for the treatment of human
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epithelial growth factor receptor 2 (HER2)-positive breast cancer cells (Wang et al., 2015).
A ntarmar ITRL vadifiad NIDa indicatad cianificantlysr hichar ~allialasr santalra 10 ITEDD wAcitixra
breast cancer in comparison to the untargeted particles, thereby leading to the highest cell-killing

effect.

3.2. MSNs-based controlled release systems for cancer treatment

It is necessary to inhibit the initial burst release of drugs from DDSs enabling the nanocarriers to
ensure the ability to release drugs at the right place and time. To design and equip MSNs with
controlled-release capabilities, two major approaches can be employed. One method to control
the release of guest molecules is the attachment of drugs to the MSNs surface through stimulus-
responsive linkages. Due to the differentiated pathologies in the cancer medium, different
internal stimuli (i.e., pH, enzyme, and redox) can be used to stimulate the release of a drug.
Besides, external stimuli (i.e., temperature, light, magnet, and ultrasound) can also be utilized to
enable the MSNs responsiveness ability (Table 2, Figure 4) (Aznar et al., 2009; Climent et al.,
2009; Lai et al., 2003; Lee et al., 2010; Saint-Cricq et al., 2015; Zhu et al., 2009). Another
approach named “capping” or “gating” includes the joining of organic molecules at the pore
opening thereby inhibiting the release of a drug that exists in the pore. “Nanovalves” can be
connected to the pore openings to present close and open functions for drugs loaded in the
mesopores. The chemotherapeutic agents stored in the mesopores thus remain inside NPs by the
closure of the nanovalves. The release of stored chemotherapeutics can therefore be achieved by
opening the nanovalves. To date, different capping (gating) materials such as Au (Yoon et al.,
2003), rotaxanes and pseudorotaxanes (Gayam and Wu, 2014), metal NPs (Chen et al., 2011),

dendrimers (Nadrah et al., 2013b), and proteins (Schlossbauer et al., 2009) have been developed.
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The pH-sensitive formulations have been designed in order to overcome the deficiency of
conventional drug formulations. Generally, pH triggering is the common method used to control
drug release. Because of the acute disorganized vasculature, hypoxia, and raised interstitial
pressure in the internal milieu of tumors, increased glucose consumption and production of
additional metabolites -mostly lactic acid- (known as Warburg's hypothesis), it results in creating
tumor acidosis. The pH in tumor tissues is less than that of normal tissues (Liberti and Locasale,
2016). This property provides massive benefits with regards to targeted delivery to cancer cells.
The pH-sensitive binders are a class of chemically degradable binders that can be attached to
MSN-based nanocarriers for controlled drug release in cancer cells (Casasus et al., 2004).
Blocking the MSNs pores with a non-covalently bonded pH-sensitive polymer is an efficient
method in controlling drug release. At low pHs, polymers can be separated from the particles,
and thereby the release of a drug at a specific acidic tumor site can be achieved. Among these
methods, using polyelectrolyte multilayers (PEMs) is one of the main approaches to control the
release of drugs. PEMs are polymers whose repeating units bear electrolyte groups. They are
typically attached to the MSNs surface to work as a pH-triggered release system by
conformational transition under various pHs (Yang et al., 2014b). The polyelectrolytes strongly
coil around the MSNss thus inhibiting the drug release under a weakly basic or neutral milieu. For
instance, to induce a pH-sensitive swelling and de-swelling capability to MSNs for controlling
the drug release rate, MSNs were modified with PEMs of poly (allylamine hydrochloride)
(PAH)/sodium polystyrene sulfonate (Tamanna et al., 2015). Moreover, various functional

groups have been employed to be used as attachments to MSNs for pH-triggered drug release.
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For example, Che and coworkers have designed an MSN-based pH-triggered delivery system by
nnardinating tha handina af fainatinnal aranna an tha naraa srith dmioca on A matal inna (Zhono ot
al., 2011). This “host-metal-guest” framework showed significant constancy over fast pH
responsivity and was identified as a novel approach for pH-triggered release in cancer treatment.
Lee et al. prepared calcium phosphate capped-MSNs as a DDS that releases drugs under acidic
pH (Zheng et al., 2011).

Mu et al. fabricated a pH-sensitive MSN-based DDS modified with poly (L-histidine) (PLH) and
PEG for tumor-specific release of sorafenib. The PLH is pH-dependent and therefore, the coating
showed an “on-off” mechanism of release. The NPs exhibited negligible hemolysis activity,
good anti-proliferative activity, and inhibited tumor growth (Mu et al., 2017).

Huang et al. prepared MSNs that were functionalized via polydopamine (PDA) for the extended
release of a cationic amphiphilic drug, desipramine (DES). MSNs-DES-PDA had a strong pH-
sensitivity pattern. The DES release patterns from MSNs-DES and MSNs-DES-PDA were
dramatically different with the release of drugs from MSNs-DES-PDA increasing with a rising
increase in acidity. The in vitro cytotoxicity investigation indicated that compared with the free
DES, MSNs-DES-PDA had a higher cytotoxicity effect on cells. The IC50 values of HeLa cells
treated with MSNs-DES-PDA at 24 h and 48 h were 7.21 £ 0.36 and 1.96 = 0.13 pg/ml
respectively versus those of the free DES (22.31 + 1.12 and 8.59 £+ 0.56 ug/ml respectively),
suggesting that the formers were 3.09- and 4.38-fold effective. It was therefore concluded that
MSNs-DES-PDA had a higher cytotoxicity effect against HeLa cells because of the sustained
drug release rate (Chang et al., 2016).

Saroj et al. synthesized pH-responsive PAA-MSN and Etoposide (ETS) and introduced them

into PAA-caged MSNs for cancer therapy. MSN-PAA was investigated as carriers for loading
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and for the controlled release profile of ETS at various pHs. The PAA-MSNs had a high loading
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function of pH and time. The cumulative drug release percentage at different pH values of 5.6,
6.8, and 7.4 was calculated to be 85%, 70.72%, and 36.21%, respectively. The maximum drug
release was observed at the lowest pH of 5.6. This was because PAA was protonated at lower pH
values (5.6 and 6.8), which eventually resulted in the detachment of strong electrostatic forces
between PAA and ETS. The strong electrostatic forces with PAA prevented drug release at
higher pH. The results of the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium
bromide) assay revealed that the drug-loaded MSN-PAA NPs were more cytotoxic against PC-3
and LNCaP prostate cancer cell lines, compared to the free ETS (Saroj and Rajput, 2018).

dos Apostolos et al. synthesized Cu-containing mesoporous silica/hydroxyapatite-based
nanocomposites which were modified with the pH-sensitive polymer, methacrylic acid (MAA),
and tetraethylene glycol dimethacrylate as a linker. Methotrexate (MTX) can be presented in the
anionic and cationic forms, related to the protonated amino group. At pH 5, the MAA is in its
non-ionized form. The results proved that the existence of hydrogen bonds between the polymer
and the cationic group of MTX could control the release of MTX at pH 5. Although the
synthesized NPs exhibited 70 times lower MTX than the free drug, they showed a high cytotoxic
effect for both cells when in vitro cytotoxic activity of the NPs in fibroblast and Saos-2 cells

were investigated (dos Apostolos et al., 2019).

3.2.2 Redox-Sensitive Systems
The potential of redox occurs generally in the tumor environment and has been regarded as a

viable biomarker for drug release. Redox-responsive vectors can reply to the different
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concentrations of glutathione (GSH) between extracellular environments equal to 10 uM and
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potential difference between the inside and outside of cells is referred to as the trigger release of
particulate drugs within the intracellular domain of the tumor environment (internal trigger). The
most important aspect of disulfide bonds is their cleavage, which occurs in the intracellular space
with a comparatively high concentration of GSH. Therefore, various redox-responsive cargo
release systems have been developed. These compose of various nanocaps, for example, CdS
(Lai et al., 2003), Fe304 (Giri et al., 2005), gold NPs (Torney et al., 2007), and biomolecules that
are covalently attached to the MSNs. The disulfide bond is used as a redox-responsive linkage
between nanocaps and MSNs. The disulfide bridge is cleaved at high intracellular GSH
concentrations creating two thiol groups at the targeted tumor site. These phenomena may lead
GSH to operate as a reduction agent (Nadrah et al., 2013a). Many in vitro investigations have
demonstrated that mercaptoethanol and dithiothreitol (DTT) act as disulfide-reducing agents to
confirm the redox potential mechanism. For instance, Liu ef al. synthesized crosslinked poly(N-
acryloxysuccinimide) connected to the MSNs pore gateway (Nadrah et al., 2013a). DTT cleaved
the disulfide bridges of the cystamine which resulted in the spatial disruption (and weakening) of
the polymer system and caused the redox-triggered drug release. Besides the polymers, Lin ef al.
attached the inorganic iron oxide NPs as caps to MSNs (Giri et al., 2005). These Fe;O4-capped
MSN-based nanocarriers exhibited “zero-release” before reaching cells of the target tissues with
the cargo being released by dissociation internalization. A study on a redox-responsive delivery
system showed that a disulfide bridge was used to attach a mercapto-containing drug, 6-
mercaptopurine, to mercapto-functionalized MSNs (Zhao et al., 2014a). Also, by a simple

modified grafting process, various anticancer drugs such as cisplatin and DOX can
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accept a mercapto group and then be covalently grafted to MSNs by a disulfide bond (Ahn et al.,
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their mesopores with gatekeepers grafted on their surfaces through disulfide bonds. These
systems can be fabricated by employing heparin (Dai et al., 2014), collagen (Luo et al., 2011),
PEG (Wang et al., 2015), cytochrome C (Cyt C) (Zhang et al., 2014), etc. as end-capping agents
for redox-sensitive MSNs. Cyt C can attach to apoptotic protease activating factor (Apaf-1),
which induces the caspase cascade pathway to result in cell apoptosis (Matapurkar and Lazebnik,
2006).

In a redox-responsive DOX/siRNA co-delivery system, the surface of MSNs was decorated with
the adamantane (Ad) units via a disulfide bond (Ma et al., 2014). The DOX was blocked inside
the mesopores through the formation of a host-guest complex among Ad and ethylenediamine-
modified a-cyclodextrin (a-CD). The amine groups could form complexes with siRNA via
electrostatic interaction. Due to the cleavage of disulfide bonds, a high amount of GSH mediated
reduced environment for triggering DOX/siRNA release. The simultaneous delivery of siRNA
and DOX by prepared NPs could enhance the cytotoxicity against HeLa cells and significantly

inhibit the growth of liver tumors (P=0.0291).

3.2.3 Enzyme-Triggered Systems

The control of anticancer drug release based on enzyme-trigger is obtained due to good
biocompatibility, and specific and high biological enzymatic activity. MSNs have been used to
protect anticancer cargos by blocking the pores using capping agents such as proteins, peptides,
and lipids which can be removed in the presence of enzymes as stimuli (Li et al., 2019). Matrix

metalloproteinases (MMPs) are a type of proteases that destroy the extracellular matrix
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components. The overexpression of these materials have been observed in many cancer types.
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the migration of tumor cells from primary cancer throughout metastasis (Du et al., 2015; Overall
and Kleifeld, 2006). For example, gelatin, as an MMP2-sensitive linker, has been used for
enzyme-triggered drug delivery, indicating a comparatively higher degree of hydrolyzation and
controllable drug release kinetics (Zou et al., 2015).

The MSN-based enzyme-triggered systems can be applied for drug delivery in cancer treatment
studies. Some biopolymers such as chondroitin sulfate and HA have been reported as
multifunctional capping agents for the retention of drugs in MSNss, targeting cells or organs, and
bio-responsive release of the drug. CD44 biomarkers in tumor cells are overexpressed by
chondroitin sulfate capping agents causing a slower encapsulated drug release followed by
trigging with enzymes such as lysosomal hyaluronidase which is abundant within tumor cells (Li
et al., 2021). For instance, an MSN-based enzyme-sensitive DDS was developed for targeting
cancer cells and mitochondria (Naz et al., 2019). Triphenylphosphine (TPP), a mitochondria-
targeting compound, was attached to the surface of MSNs with DOX loaded into the mesopores.
HA capped on the surface of MSNs and imparted a powerful sealing ability in normal cells while
enhancing selective uptake by cancer cells via CDy4 receptor-mediated endocytosis processes.
Furthermore, the HA-modified NPs demonstrated enzyme-responsive DOX release under the
degradation of the overexpressed hyaluronidase in the cancer cells. In addition, the existence of
TPP enabled the DDS to target mitochondria and release DOX at the subcellular organelle (Naz

et al., 2019).
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3.2.4 Light-Activated Systems

T axraracina an tha diffarant ciana af nracraca 1 DINYT tharanaiitic acanta licht irradicatian 10 11cad
to trigger the drug release operatively for site-specific release of drugs. O-nitrobenzyl ester,
thymine, coumarin, azobenzene, and aluminum phthalocyanine disulfonate as photochemical
responsive bonders are common capping agents for efficient light-triggered release from MSNs
(Murugan et al., 2021).

Photo-induced hyperthermia, which is relatively non-invasive is utilized as a trigger for
controlled drug delivery in cancer therapy. The benefits of the application of light rely on its low
toxicity, simple usage, and fine position of the focalized light in the right position. However, the
chief disadvantage is its poor and slow penetration (Ferris et al., 2009). The initial light-triggered
release system based on MSNs was investigated by the Tanaka group (Mal et al., 2003). They
synthesized a UV-light sensitive smart drug delivery containing coumarin derivatives attached to
the pore walls to control the release of the drug. Li et al. designed a red-light responsive MSN-
based nanosystem and employed a cyanine dye that was linked to the surface of MSN-doped
with DOX, which was further wrapped by PEG. Upon red light (650 nm) irradiation, the
photolabile cyanine-azide linker was cleaved and led to the dePEGylation of the nanocarrier. The
encapsulated DOX could then be effectively released in xenografted 4T1 tumor-bearing BALB/c
mice (Li et al., 2020).

Under near-infrared (NIR) light, the tissue exhibits deep penetration but low absorbance. A
broad type of photothermal NPs show poor absorption within NIR ranging from 750 nm to 2500
nm. The photon energy absorption is transformed into warmth with great capability. Heat
induces a temperature rise in the target tissue, which leads to a destruction of the endosome and

an improvement in the endosomal escape of the nanocarriers and thus an increase in membrane
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permeability (Martinez et al., 2010).

Asr monactmintieac and aorhan hooad matariole (Manam af ol I01A) annnar anlfida (C9Q) NDa
(Wu et al., 2014) and Pd nanosheets (Zhao et al., 2014b) have been employed to prepare
mesoporous silica platforms for chemo-photothermal therapy (PTT) (Gao et al., 2020). Zheng et
al. used Ag NPs as the capping agent for MSN-coated gold nanorods for photothermal and
photodynamic cancer therapy (Zhang et al., 2015b). Upon NIR irradiation, the photothermal
effect of Au nanorods led to a fast increase in the local temperature, consequently, causing
improved cell cytotoxicity. It can therefore be concluded that photothermal and photodynamic
therapy have a synergistic effect on killing tumor cells. CuS NPs, as a cap, were bonded to
MSNs through two complementary oligonucleotides to inhibit the premature release of DOX
from MSNs (Liu et al., 2011a). Under NIR irradiation, the temperature increased, which caused
the release of DOX. In another example, a gold nanoshell was attached to MSNs. NIR laser
irradiation increased temperature and this hyperthermia was a marker for the severe toxicity of
cells. Under the NIR irradiation, the localized generated heat induced the dehybridization of the

DNA duplex and unlocked the pores which resulted in the quick release of DOX.

3.2.5 Magnetically-Triggered Systems

The use of magnetic field as an external stimuli to generate controlled DDSs has
the advantage of high tissue penetration capability without damaging the surrounding tissues. To
achieve this goal, a specific kind of NP that possesses an iron oxide magnetic core is used (Liong
et al., 2008). The large amount of pure magnetic NPs is synthesized in organic solvents and
indicates low aqueous stable dispersion. These are normally in an aggregated state but not

segregated (Pan et al., 2017). The aggregation can reduce the heating efficiency of the magnetic
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NPs (Kumar et al., 2017). In clinical applications, the magnetic field can trigger the release of
Avmroca an A nanatrata lixrina Aavrananicomma Cancidarahla attanticon hac lhaan naid +a tha ancanciilatian
of superparamagnetic iron oxide nanocrystals ranging in diameter from 5 to 10 nm into a silica
matrix. Magnetic MSN-based delivery systems, due to the intrinsic properties of it being
magnetic means it can be utilized in MRI and the production of thermal energy can be used to
induce the enhanced and controlled release of encapsulated drugs.

For example, Chen et al. synthesized monodispersed Fe;O4-capped MSNs via chemical bonding.
The incorporation of Fe;O,4 into the MSNs indicated a higher accumulation of nanocarriers in the
cancer cells under external magnetic field stimulation as compared to bare MSNs. The drug
toxicity and uptake of MSN@Fe;0, nano-complexes were affected by the distance between
magnet and cells thus exhibiting their efficiency in magnetic drug targeting (Li et al., 2016; Yang
et al., 2014a). Li et al. fabricated mesoporous silica shell-coated Fe;O4-Au core-shell
nanocomposites (Fe;O4@Au@mSiO,). MSNs without magnetic induction showed a 37.5% of
Au concentration in HeLa cells uptake. Under the magnetic field for 2 h, the amount of Au

increased to 63.8% (Li et al., 2014).

3.2.6 Temperature-Responsive Systems

Amongst external stimuli employed for DDSs, temperature-sensitive DDSs have many
advantages due to their passive targeting capability, regulating the phase transition temperatures,
and flexibility in design (Thrall et al., 1986). Polymers like poly(N-isopropyl acrylamide)
(PNIPAAM), which possess temperature-sensitive properties, can be connected to the MSNs for
controlling/modulating the release of drugs. Such polymers have a low critical solution

temperature (LCST) factor. At temperatures below the LCST, PNIPAAM becomes soluble and
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moves to the swelling state because of the strong hydrogen bonding between water molecules
and nalvmar choine Ahava tha TOQT tha hodracan hande heaol landina o inaalihilits and
collapse of the PNIPAAM thus causing the pore opening and drug release (Colilla et al., 2013).
Pure PNIPAAM indicates LCST at ~32°C which is not sufficient for the DDS, while the
temperature of the body is higher, which induces the pores to open. The copolymerization of
PNIPAAM with other monomers, for example, N-isopropylmethacrylamide or acrylamide
(Nagase et al., 2007; Zintchenko et al., 2006) leads to an increase (to ~37 °C) in the LCST
(Hoare et al., 2009; Keerl et al., 2008).

The surface-initiated atom transfer radical polymerization method was used by Dargaville et al.
to attach PNIPAAM to the porous silicon materials surface (Dargaville et al., 2013). The
composite indicated high drug loading capacity and unique controlled drug release property.
Baeza et al. designed a new nanodevice to control the small molecules and protein release based
on the alternating magnetic field (Baeza et al., 2012). This MSN-based nanosystem is composed
of iron oxide NPs encapsulated in the silica matrix and a thermo-responsive copolymer of
PEI/PNIPAM, which was grafted on the outer surface of MSNs. Thermo-responsive polymers
were used as gatekeepers to block the pores and to link proteins to the polymer shell via
hydrogen bonding and electrostatic interactions. This technique inhibited uncontrolled drug
release at low temperatures and when temperature increased (35-40 °C), the entrapped molecules
were released (Baeza et al., 2012).

Other temperature-sensitive products such as DNA or lipids have been used in clinical
applications. Schlossbauer et al. indicated that the molecular valve of the double-stranded DNA
capped MSNs were opened by melting the DNA strand at the specific melting temperature of the

oligonucleotide, which led to the controlled release of fluorescein from the pores (Schlossbauer
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et al., 2010). Schlossbauer et al. attached biotin-labeled DNA strands to the outer surface of
NMNMQCNTc and vacialatad tha wara ananina toamnaratiivra threanah tha lanath  Af DNTA - ctranda
(Schlossbauer et al., 2010). Martelli ef al. showed that coiled-coil peptide motifs can be used as a
temperature-responsive cap to control drug release in MSNs (Martelli et al., 2013). These
gatekeeper materials are biodegradable, biocompatible, and non-toxic which makes them a good

choice for clinical carcinoma treatment.

3.2.7 Ultrasound-Triggered Systems

Ultrasonic (US) response is an effective external trigger for delivery of cargo at the desired site
because of features such as the absence of ionizing radiations, non-invasiveness cycles and
exposure time, cost-effectiveness, and safety in the clinic. High-frequency ultrasound has got
many potential applications in nanomedicine because of its ability to deliver local therapies
without any damage to normal tissues (Sirsi and Borden, 2014). Cavitation and heat are two
unwanted effects of ultrasound technology that have been harnessed in the delivery of drugs.
Researchers have designed encapsulated microbubbles (MBs) with MSNs nanosystems to load
the drug in MBs for region targeting under image monitoring of US (Bae et al., 2011). Nonlinear
wave propagation in tissue can provoke many physical impacts which can be utilized as US-
triggered drug release. The mechanical and thermal properties of US have been applied to trigger
the drug release from various nanocarriers.

For instance, Amin et al. developed a US-responsive DDS composed of lipid-coated MSNs for
avoiding premature release as well as triggered drug release at the target site (Amin et al., 2021).
DOX, as an anticancer drug, and perfluoropentane (PFP) as a US responsive agent, were

encapsulated inside the MSN pores. The lipid layer improved the cellular uptake and also acted
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as a gatekeeper at the pore openings to avoid premature release. Upon US irradiation, the liquid-
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drug release (Figure 5) (Amin et al., 2021).

3.3 Multi-Stimuli Responsive MSN's

Controlling the precise delivery of therapeutics in a particular part of the body can be achieved
by designing delivery systems triggered by multiple stimuli that can work synergistically to
ensure the release of the drug only in the target tissue or cells. The versatility and
functionalization capability of MSNs means the insertion of at least two kinds of responsive
moieties or functional groups in the same nanodevice is possible. The pore caps may thus be
opened either by one or another stimuli or simultaneously by both. It can also be possible to
design a stimuli cascade in which one stimulus triggers the unblocking process of MSNs or leads
to the release of various payloads in a sequential manner.

Zhu et al. synthesized graphene quantum dots (GQDs) caped MSNs for chemo-PTT. The GQD-
MSNs showed pH and temperature-responsive release behavior and under NIR irradiation,
effectively produced heat to destroy tumor cells. DOX-loaded GQD-MSNs induced higher
uptake efficiency, cytotoxicity, and increased intracellular accumulation in 4T1 breast cancer
cells (Sasikala et al., 2016).

Luo et al. designed a multifunctional MSN-based enveloped nanosystem for the co-delivery of
the antineoplastic drug, topotecan (TPT), and therapeutic peptide (TPep) to tumor cells (Luo et
al., 2014). TPT was entrapped in the mesopores of MSNs and the mitochondria-targeted
therapeutic molecule, TPep, was attached to the surface of MSNs by a disulfide bond. The NPs

were modified with PEG-poly(L-lysine) (PLL) and 2,3-dimethylmaleic anhydride (DMA)
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moieties and were introduced into the polymeric chains. This made the system sensitive to the
ALT altarntinn thire man Lina tha aallular smtala af tha anvalanad NDa at wIT £ Q mnh mara than
that of the NPs at neutral pH. After internalization by the cancer cells, the disulfide bonds
cleaved in the presence of intracellular GSH, TPT, and TPep could be released from the MSNs.
This in turn destroyed both the nucleus and tumor mitochondria respectively hence
demonstrating complementary synergistic therapeutic effects (Figure 6) (Luo et al., 2014).

A dual responsive MSN with poly (NIPAM-co-MA) polymer and a lipid coating was fabricated
by Feng et al. to co-deliver berberine and evodiamine. This pH and the temperature-responsive
system showed that the cumulative release of evodiamine and berberine was 89.01% and 57.98%
respectively at a pH value of 5 and a high temperature (~41°C) which simulated the lysosome in
the tumor cell. Also, NPs showed excellent synergistic therapeutic effects in vitro and an
enhanced rate of apoptosis to suppress tumor growth in mice (Feng et al., 2018).

Because reactive oxygen species (ROS) levels in tumor cells are much higher than in normal
cells, ROS-triggered drug release has indicated officious cancer treatment (Liu et al., 2019). Yu
et al. used a temperature and ROS dual responsive polymer, 4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl) benzyl acrylate, to modify MSNs for the delivery of DOX to cancer cells. A
high drug-loading content was attained at low temperature and the pore-blocking was obtained
by raising the temperature (37 °C). A fast drug release was achieved in the existence of H,O,
because of the coated-polymer phase transition from hydrophobic to hydrophilic, whereas there
was no burst release under physiological conditions (Yu et al., 2018a).

In a research study, the thermoresponsive polymer MEO,MA and 2-(2-methoxyethoxy) ethyl
methacrylate were combined with an US-responsive monomer (THPMA) to prepare copolymers

sensitive to heat and US (Paris et al., 2015). Grafted copolymers with MSNs facilitated an
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efficient loading of drugs into the prepared nanostructures at 4 °C due to the open conformation
Af tha thavimacancitixia nalsmmar chaina ot thic tamnaratiira A+ hichar tamnavatiirac (27 O\ tha
thermosensitive polymer collapsed to close the pore entrances. Under US irradiation, the
sensitive polymer changed its hydrophobicity and adopted a coil-like conformation that opened
the gates and released the drug cargo. This dual responsivity allowed the NPs to carry and
control drug release which is significant in transporting cytotoxic drugs to treat cancer.

Furthermore, if tumor-targeting ligands are attached to the gatekeepers, stimuli-responsive DDs
for selective delivery to specific cancer cells and highly controllable drug release can be
obtained. For example, Zhang et al. prepared multifunctional MSNs for the targeted delivery of
DOX to cancer cells. The surface of the MSNs was modified with amino B-cyclodextrin (B-CD)
rings via disulfide bonds. The amino B-CD ring was utilized as a cap to block drug molecules
within the mesopores. In this study, PEG-modified with Ad units and folate moieties were
successfully attached to the MSNs via the Ad/B-CD complexation. The obtained multifunctional
MSNss including the folate targeting units were trapped efficiently by folate receptor-rich HeLa
cancer cells via receptor-mediated endocytosis. Under the same conditions, the folate-receptor-
poor human embryonic kidney 293 normal cells presented less endocytosis. The main cellular
uptake mechanism was endocytosis which could lead to the release of loaded DOX into the
cancer cells triggered through endosomal acidic pH. Following the endosomal escape of NPs and
its transfer to the cytoplasm of cancer cells, a high amount of GSH could be trapped in the
cytoplasm and result in the elimination of the B-CD capping rings through the cleavage of
disulfide bonds to enhance further drug release in the cytoplasm of cancer cells. These drug-
loaded multifunctional MSNs could considerably reduce the growth of cancer cells due to the

high potency of cellular uptake via receptor-mediated endocytosis and stimuli-triggered drug
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release (Zhang et al., 2012). Some of the different materials that have been attached to MSNs for
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3.4 Overcoming Multidrug Resistance (MDR)

One of the biggest barriers to cancer chemotherapy is the emergence of MDR, which severely
impedes the efficacy of chemotherapeutic agents. Drug resistance in tumor tissues is a complex
process that involves multiple cellular mechanisms (Kankala et al., 2017). MDR can be
commonly classified into two groups; pump and non-pump resistance. Pump resistance is the
overexpression of drug efflux pumps such as multidrug resistance protein (MRP1) and P-
glycoprotein (P-gp). These expel several anticancer drugs out of cancerous cells and thereby
reduce the intracellular drug concentration. The major mechanism of non-pump resistance is the
activation of the cellular antiapoptotic defense system, such as the drug-induced expression of B-
cell lymphoma-2 (BCL-2) protein, which leads to a reduction in drug sensitivity. Furthermore,
there is mutual interaction between these two resistance mechanisms (Tanwar et al., 2014). To
overcome drug resistance, various design strategies based on the outstanding features of MSNs
have been employed. The MSNs nanostructures can facilitate cellular uptake, enhance the
accumulation of drugs in the tumor region, and improve antitumor efficacy (He and Shi, 2014).
MSNs can co-deliver various agents, such as antitumor drugs and MDR reversal agents. For
instance, to tackle the MDR of MCF-7/ADR cells, Jia et al. synthesized MSNs for the co-
delivery of tetrandrine (TET) and paclitaxel (PTX) (Jia et al., 2015). The efflux of P-gp can be
inhibited by TET and thereby result in the enhancement of the antitumor activity of PTX. Several
research groups have utilized MSNs to deliver anticancer drugs and nucleic acids. Nucleic acids

in combination with chemotherapeutics provide the opportunity for silencing specific genes
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involved in drug resistance such as the drug efflux transporter gene P-gp and antiapoptotic
ratain aana ROT A Thia tha intranallilor dmio annaantration noaadad far affantiva axtatavicit:
and apoptosis can be restored (Famta et al., 2021; Torres-Martinez et al., 2021). In another study,
Meng et al. modified MSNs to effectively deliver P-gp siRNA and anticancer agent DOX to
MDR cancerous cells (KB-Vlcell line) (Meng et al., 2010). It was perceived that the dual
delivery of siRNA and DOX improved the intracellular and intranuclear drug concentrations
more than the free DOX or DOX-loaded MSNs without siRNA.

It has been reported that an ideal nuclear-targeted nanoparticulate DDS can help overcome MDR
(Pan et al., 2014). To construct a nuclear-targeted anticancer DDS, MSNs can be modified with a
Trans-Activator Transcription (TAT) peptide. For instance, Pan et al. developed an active
nuclear-targeted DDS by attaching TAT peptides onto the MSNs for MDR circumvention in
cancer cells (Pan et al., 2013). The attachment of the TAT peptide facilitated direct drug release
in the nucleoplasm by the nuclear pore complex and subsequent intranuclear binding of the
MSNs-TAT. Direct intranuclear drug delivery of DOX was more efficient in overcoming MDR
of MCF-7/ADR cancer cells by improving the intranuclear and intracellular drug concentrations
compared to the free drug or untargeted MSNs. Thus, direct nuclear-targeted drug delivery may
help the drugs bypass the P-gp drug efflux pump by reducing ATP levels, overcoming the MDR,
and increasing apoptotic signaling of MCF-7/ADR cells (Figure 7) (Pan et al., 2013).

In another study, MSNs were modified with Alpha-tocopheryl polyethylene glycol succinate
(TPGS) for multidrug-resistant lung cancer treatment. New generation coatings TPGS were
utilized to reduce P-gp meditated process multidrug resistance in the cancer cells. Enhanced
cellular uptake in drug-resistant A549 cells was obtained from the MSNs coated TPGS, therefore

proving the relapse of drug resistance (Cheng et al., 2017).
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4. Diagnostic Applications of MSNs

Nlan inyxracixra  d1macina tachniciioac oo h ac NMDIT  Antical dvnacina (O srAcitran  amiccinn
tomography (PET), computed tomography (CT), and ultrasound (US) represent a powerful asset
for the diagnosis of diseases. Imaging clarity can be remarkably enhanced by using an associated
contrast agent (Peng et al., 2021). Due to the poor solubility and low fluorescence quantum yield
in physiological solutions, the biological applications of fluorescent dyes are limited and they are
not the favored selection for clinical imaging (Yuan et al., 2020). Compared to conventional
molecular analogs, MSNs as flexible imaging platforms can be attached to imaging agents and

provide considerable advantages (Kankala et al., 2019).

4.1 Magnetic Resonance Imaging

MRI is one of the most powerful imaging modalities, which can identify many disease states due
to its high 3D resolution, penetration depth, and convenience. MRI however suffers from
intrinsic low sensitivity. In order to overcome this obstacle, contrast agents can be used
(Wahsner et al., 2018). Based on the generated contrast enhancement, MRI contrast agents are
classified as being longitudinal (T;) or transverse relaxation (T;). T; (positive contrast agents)
brighten the region of interest and T, (negative contrast agents) darken the desired area (Ni et al.,
2017).

MSNs with the ability to shorten longitudinal relaxation rates can be achieved by the formation
of a core/shell structure comprising a mesoporous silica shell and a magnetic core. For example,
Liu et al. investigated the long-term usefulness/contrast improvement of Mag-Dye@MSNs with
magnetic and optical features, both upon intravenous injection and grafting of Mag-Dye(@MSN-

labeled human mesenchymal stem cells at the brain olfactory cortex through MRI (Liu et al.,
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2008). In this study, the reticuloendothelial system (RES) caused the accumulation of Mag-
Nxa/ADNMC N 1nta Avranna narticnilarlys 1n tha cnlaan and tha lixrar  Tha NIDa wwrara xricnializad 1n tha
liver for 90 days, demonstrating that the ratio of signal-to-noise improved after 3 months. This

indicated that the Mag-Dye@MSNs were stable and not simply eliminated from the body.

4.2 Optical Imaging

OI is a non-invasive and non-ionizing imaging technique, which provides excellent spatial
resolution and versatility. Various luminescent materials (e.g., luminescent inorganic
nanocrystals, organic fluorophores, etc.) have been widely studied, however, some of them have
limitations. For example, organic fluorophores suffer from poor photostability and rapid
photobleaching. Moreover, most of the nanosized luminescent materials have colloidal stability
or present serious concerns for toxicity (Sun et al., 2021). To tackle these aforementioned
problems, these luminescent materials can be encapsulated into the MSN scaffold. For instance,
Xie et al. functionalized the surface of MSN with carboxyl groups to covalently conjugate
fluorescent probes (Xie et al., 2013). Cy5 was conjugated on the surface of carboxyl-modified
MSNss to obtain CyS@MSN/COOH. In vitro cellular uptake studies using MCF-7 cells indicated
that Cy5@MSN/COOH were internalized by the cells and were located in the cytoplasm. /n vivo
imaging experiments were conducted in MCF-7 tumor xenograft mice. An obvious and strong
fluorescent signal was observed in the tumor region after the injection of Cy5@MSN/COOH into
the subcutaneous tumor of the mouse. After 96 h post-injection, the fluorescent signal was still

bright, which indicated that CyS@MSN/COOH has great potential for in vivo tumor imaging.
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4.3 Computed Tomography

T imaocina comnricac 21D anatamicnal tmacina hacad Aan diffarancac 1n tha YV vaxr attaniiatian
coefficient. It is an important modality in diagnostics, which has low cost and high spatial
resolution (Han et al., 2019). Current CT contrast agents are based on iodine analogs that suffer
from anaphylaxis, potential renal toxicity, and poor blood circulation time. Encapsulation of
these CT agents within the MSN structure can facilitate their use and also improve the retention
time and biocompatibility. In addition, compared to iodine analogs, bismuth and gold possess
improved X-ray attenuation meaninga lower concentration required to be utilized in vivo (Xue et
al., 2014).

MSN-coated gold NPs were fabricated by Song et al. for fluorescence/CT imaging (Song et al.,
2015). NIR fluorescent dyes were encapsulated into MSNs shells for fluorescent imaging
through electrostatic interactions. The in vitro CT imaging of MSNs-Au at different
concentrations showed different CT values that increased in linearly with the increase of Au
concentration. The in vivo CT imaging studies were conducted by the injection of MSNs-Au into
male nude mice through the tail vein within 4 h. The high-resolution obtained images revealed

that the MSNs-Au were mainly distributed in the liver and spleen tissues.

4.4 Positron Emission Tomography

It is well-perceived that PET is the most sensitive imaging modality which can provide
information at a molecular level in living systems (Goel et al., 2017). The visualization of in vivo
biological processes using PET requires the preparation of specific radiolabeled probes.
Moreover, PET has limitless penetration depth and a wide range of clinically applicable probes.

However, radiolabeled molecules evoke concerns about their long-term in vivo integrity and
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stability. Thus, it is a key improvement to develop MSN-based carriers for the application of
nncitran amitting sadicnnalidac swrith lanaas half livaa  Tha anninaation of sadianalidac swith
long half-lives, including zirconium-89 (3°Zr) or copper-64 (®*Cu) in MSNs have been
investigated by several research groups (Chen et al., 2015a; Chen et al., 2014a; Miller et al.,
2014).

Short half-life radionuclides have also been incorporated into MSNs by efficient
loading/conjugating. For instance, Fluorine-18 (8F) (7, = 109.771 min)-labeled MSNs were
described by Jeong et al. for in vivo imaging, with conjugation obtained using a strain-promoted
alkyne azide cycloaddition (SPAAC) reaction (Jeong et al., 2019). The surface of PEGylated
MSNs was modified by cyclooctyne and intravenously injected into the tumor-bearing mice. A
few days later, the NPs functionalized with the '8F-labelled azide species were injected. The
accumulation of radiolabelled NPs in the tumor region was observed and visualized by PET

imaging.

4.5 Ultrasound Imaging

US imaging as a simple, flexible, non-invasive, and inexpensive modality is the primary and
widely used technique for screening many different diseases (Kiessling et al., 2014).
Microbubbles produced by agitating saline have been utilized as a contrast agent for US imaging
(Liu et al., 2017). These contrast agent microbubbles with acoustic behavior coupled with MSNs
have been broadly investigated for US imaging. For example, an MSN-based enhancement agent
for ultrasound imaging developed by Wang et al. and loaded with a temperature-sensitive
compound, perfluorohexane (PFH), as a bubble generator (Wang et al., 2012). Upon ultrasound

exposure, the liquid PFH vaporized into a large number of small bubbles. PFH bubbles generated
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heat to the MSNs-PFH (6 mg mL ') at 70 "'C. While the unmodified MSNs did not generate any
minrahiihhlac 11 tha Avarall hantad aran  smiimaraiic minvrahiihhlac wara Ahocarmoad aftar tha hant
treatment of MSNs-PFH. Phosphate buffered saline (control), MSNs, and MSNs-PFH were
separately injected into excised bovine livers and then exposed to ultrasonic irradiation at 70 W
for 10 s. The results showed that MSNs-PFH could be an effective diagnostic agent for
ultrasound imaging due to its high physiological stability, efficient loading and release of PFH,

and easy penetration through tumor tissue.

S. Theranostics applications of MSNs

The theranostics paradigm uses nanoscience to combine both diagnostic and therapeutic
capabilities to form a single dose, which allows diagnosis, drug delivery, and monitoring of
therapeutic response (Baeza and Vallet-Regi, 2020). Therapeutic methods including
radiotherapy, photodynamic therapy, hyperthermia, chemotherapy, and nucleic acid delivery are
coupled with one or more imaging agents for both in vitro and in vivo investigations. Various
imaging probes such as nuclear imaging agents, fluorescent markers, and MRI contrast agents
can be added to the therapeutic molecules or DDSs to obtain important information about the
intracellular trafficking pathways and efficiency of delivery (Zivojevi¢ et al., 2021). Moreover,
to overcome undesirable differences in selectivity and biodistribution between distinct
therapeutic and imaging agents, theranostics combine the functions and features of separate
materials into one class. The theranostic nanomedicine has advanced abilities including
multimodality diagnosis, stimuli-responsive release, targeted delivery, and sustained/controlled
release in a single platform (Jafari et al., 2019). The combination of diagnosis and therapy in a

single theranostic nanocarrier was achieved from the incorporation of imaging agents such as
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magnetic nanocrystals (Sanson et al., 2011), molecular fluorophores (Gao et al., 2016),
radinaniinlidac (Tal-abhoccan ot Al INTON  Av niltvacniind ~anntract acanta (Chi ot ol ANT2N 10t
nanocarriers.

In a research study, the two-photon paracyclophane fluorophores and azobenzene stalk groups
were attached to MSNs pores to be used as a nanovalve for monitoring the release of an
anticancer drug (Croissant et al., 2014). The fluorescence MSNs were efficient in the imaging of
the MCF-7 breast cancer cells at low power of two-photon irradiation. In the presence of high-
power irradiation, the nanovalves displayed efficient two-photon triggered drug delivery in
cancerous cells.

In another study, TRC105 was joined onto the surface of MSNs against CD10 to target the
cancer cells as a specific vascular marker for tumor angiogenesis (Chen et al., 2014b). Compared
to non-targeted controls, the obtained results proved that there was significant progress in both
PET and fluorescence imaging resolution which were conducted in 4T1 murine breast tumor-
bearing mice. Vascular targeting could enhance tumor accumulation two times more than passive
targeting alone. In this study, TRC105 could be used as both an imaging and therapeutic agent,

leading to a theranostic platform (Figure 8) (Chen et al., 2014b).

6. The Influence of Physicochemical Properties of MSNs on Biological Systems

The influence of physicochemical properties of NPs such as surface area, shape, and size on
biological systems plays a pivotal role in the efficient delivery of chemotherapeutics (Kankala et
al., 2020a). MSNs have a high specific surface area (>1000 m?/g), which can be decreased by
surface modification strategies such as amination or coating (Heidari et al., 2021; Van Rijt et al.,

2016). The NPs with large pores (~ 10 nm) show a smaller specific surface area (Moller et al.,
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2016). A larger surface area can increase the loading efficiency of therapeutic molecules. For
inatanca  camanora A tn tha ENA anneaoa A linnanmn 1 farmmlotion Navil® o maoels 1000 £14
amount of DOX can be loaded in MSNs (Watermann and Brieger, 2017).

Size is very important to improve the stability and blood circulation time of MSNs. It is
generally recognized that the NPs with a diameter of less than 10 nm is quickly removed by the
kidneys, whereas larger NPs (> 200 nm) are likely to be removed by the RES. The preferred size
to ensure long circulation half-time for MSNss is therefore 50-300 nm (Vallet-Regi et al., 2022).
The lower limitis set to prevent the fast-renal clearance whereas the upper limitis set to
avoid embolisms due to aggregation into the capillaries and alveoli. It should be noted that
MSNs with a size range of 50-100 nm exhibit optimal levels of cell internalization (Vallet-Regi,
2012).

Research indicates that the shape of MSNs can have a strong impact on their performance. It has
been demonstrated that the best cellular uptake was achieved by rod-shaped MSNs, followed by
spherical MSNs (Shao et al., 2017). The in vivo evaluation of rod-like MSNs revealed that short-
rod MSNs were easily trapped in the liver while long-rod MSNs were preferentially accumulated
in the spleen (Huang et al., 2011b).

The surface charge also influences the cellular uptake of MSNs. The positively-charged MSNs
can be taken up faster than their negatively-charged or neutral counterparts by human cancer
cells. This is due to the electrostatic interaction between the negatively-charged cellular
membrane and the positively charged MSNs (Slowing et al., 2006). In a physiological
environment, MSNs are coated by various serum proteins resulting in the formation of a protein
corona, which changes the in vitro determined parameters such as size and surface charge, and

thereby influences cellular uptake (Nel et al., 2009). The absorbed proteins can facilitate
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clearance by the mononuclear phagocyte system (MPS). Coating the surface of MSNs with PEG

nan nravrant thic nhanamannn and inaranca tha nivocnlatinn timma Af NTDa 101 hWland (Canda ot al

2010a).

7. MSN Biosafety (Biocompatibility, Biodistribution, Degradation, Cytotoxicity)

The applications of MSNs in biomedical fields such as tumor targeting, drug/gene delivery, and
tumor imaging have dramatically accelerated (Yanagisawa et al., 1990). Many research studies
have been conducted in investigating the biosafety of MSNs. In some studies, histopathology and
hematology outcomes indicated no specific toxic properties through any advanced MSNs. Some
consequently confirmed the MSNs biosafety besides the MSNs biodistribution which can be
valuable in producing MSN nanosystems for in vivo usage (Farjadian et al., 2019; He et al.,
2020; Huang et al., 2011a). Despite the advancement of MSN nanotherapeutic systems, concerns
about the toxicity in living systems have been presented (Asefa and Tao, 2012). Although several
studies have reported the safety of silica-based materials, specifically MSNs, the experimental
evidence is very ambiguous and as such, there is no common opinion on the biosafety of these
nanomaterials (Fadeel and Garcia-Bennett, 2010; Lu et al., 2010). However, the biocompatibility
and general behavior of MSNs can be optimized through simple modifications based on
accessible conformation. This is because of their strong dependence on physicochemical
properties such as surface morphologies, particle dimensions, shape, pore size, and crystallinity
(Kohane and Langer, 2010). Experimental data confirm that control of particle shape and size is
the basic factor in the toxicity and biodistribution of MSNs. The toxicity and safety of MSNs

depends therefore on the dose of the MSNs. The surface properties of MSNs also have an
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excessive influence on their biocompatibility and biodistribution (Croissant et al., 2018; Tozuka
ot al__NNNK\

Compared to traditional drug molecule carriers, MSNs have demonstrated an improvement in the
pharmacokinetics of therapeutic agents and therefore a reduction in toxicity by increasing their
concentration in the target cells (Alexis et al., 2008). Although MSNs have emerged as a
significant category of porous materials for use in advanced biomedical applications, their
interaction with the body cells is still not fully understood. The absorption and distribution of
MSNs into the body depend on the various routes of administration. Unlike the IV route of
administration, in which drug-loaded MSNs are absorbed directly into the bloodstream, in the
oral route of administration of MSNs, drugs must pass through the gastrointestinal (GI) tract to
be absorbed into the bloodstream (Fu et al., 2013). Before the biomedical application of MSNss,
an investigation into their total elimination from the body is warranted (Vega-Villa et al., 2008).
Upon the administration of MSNs in the body following different exposure routes, elimination
mainly occurred through both feces and urine. Previous reports indicated that after injection of
MSNs, about 95% of Si was discharged via feces and urine, which shows that it can be easily
expelled and degraded from the body (Lu et al., 2010; Moghaddam et al., 2019). The
pharmacokinetics of MSNs may be dependent on the different routes of administration.
Furthermore, the morphology, pore size, particle size, thermal oxidation, surface coating, surface
functionalization, and oxidation can directly affect the in vivo fate of MSNs (Croissant et al.,
2017).

The poor water solubility of hydrophobic anticancer drugs along with the unavailability of a
successful biocompatible delivery system are the major concerns in cancer treatment. It is

imperative to solve the important challenges of drugs such as their poor solubility and instability
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in the aqueous environment which prevent their biomedical applications, especially for IV
iniantinn annlicatinne Thiia ta tha nane anlihilitsr AfF anticancar drmaicc tha 1maneraxramant af naxr
approaches for these molecules without the use of organic solvents has earned considerable
interest. MSNs suggest some potential capacities for improving the dissolution rate of poorly
soluble drugs (Thomas et al., 2010b) by impacting the crystallinity or surface area. The pore size
of MSNss is just to some extent greater than the size of the drug molecule, so, the production of a
crystalline form of drugs is limited by the restricted space of the pores. The drug therefore
maintains its non-crystalline (amorphous) form. In comparison with the crystalline phase, the
amorphous state is identified to show higher dissolution rates (Ahuja and Pathak, 2009; Biswas,
2017; Thomas et al., 2010b).

The biodistribution of MSNs is affected by their physicochemical properties. The most
significant change would be the gradual conversion of silica-based NP to polysilicic acid or
silicic acid, which are non-toxic and often eliminated/absorbed from the body slowly
(Gongalves, 2018). Clinical trials mainly focus on designing highly biodegradable MSNs (Janjua
etal., 2021).

The main pathway of silica toxicity is due to the interaction between the silanol groups from the
surface and the membrane components which causes lysis and leakage of cellular components
and finally cells death (Nash et al., 1966; Slowing et al., 2009). Compared to non-porous silica,
mesoporous silica presents a less hemolytic effect (Mohammadpour et al., 2020). This could be
associated with the low silanol density on the mesoporous surface (Lin and Haynes, 2010).

It has been reported that the cytotoxicity of various types of MSNs depends on the administration
route instead of particle size (Hudson et al., 2008). Here, the MSNs were manufactured in

various sizes by the use of neutral and cationic surfactants and their toxicity was measured in
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rats. After intravenous injection with an equal dose of all MSNs types, fast death was detected
(ITs1idcnn ot ol INNRY  Cuilcritananiia nartinla 1niantinan rnracantad na mainr tavie affanta Thara
was also no sign of size as a basic factor in the MSNs' biocompatibility in rats (Hudson et al.,
2008). Another study proposed that the administration route can influence the MSNs biosafety.
This shows that internalization, cellular uptake, and MSNs lifecycle are difficult routes that are
not determined via only one parameter (Smith et al., 2008; Tallury et al., 2008).

In addition, the fate of MSNs after various administration routes should be considered. /n vivo
distribution and elimination studies have shown that MSNs via oral or intravenous routes are
relatively safe materials for biomedical applications (Kankala et al., 2022). Fu et al. examined
MSNs with a particle size around 110 nm in ICR (Institute of Cancer Research) mice (Fu et al.,
2013). The administration of MSNs through the intravenous method led to the accumulation of
MSNss in the spleen and liver at the end of 24 h and 7 days, while other routes of administration
did not display any fluorescence in these tissues. At the end of 24 h and 7 days, no
histopathological variations were found in the liver, spleen, kidney, and lung through various
routes of exposure. The experimental data showed that MSNs were found to be well-tolerated
and safe when administered through intravenous and oral methods (Fu et al., 2013; Tang et al.,
2012).

Researchers have investigated the repeated and single-dose MSNs toxicity after intravenous
injection in mice (Liu et al., 2011b; Narayan et al., 2018). The value of LD50 for MSNs was
found to be higher than 1000 mg kg'!. In the studies of single-dose toxicity, mice treated with
MSNs did not survive at doses above 1280 mg kg!. Reciprocally, there were no behavioral
variations or any pathological or hematological changes in the low-dose MSN-treated groups.

Further studies have indicated that employing MSNs with a lipid layer can lead to development
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progress in pharmacokinetics, performance, and biosafety (Souris et al., 2010). Liu et al. used
tanranhaca ~alla and walheafich  ambhevinc ta tact tha naccihla hagardc Af xraviciic cnie fana
functionalized PEG-MSNs. Several MSNs with the same size but with various zeta potentials, a
strong or weak positively-charged surface and the strong or weak negatively-charged surface
were manufactured. Upon the embryos’ incubation via 50 or 100 pug ml! of the MSNs, it was
observed that the particles with strong positively-charged surfaces were uptaken through
embryos and caused the death (approximately 94%). However, mortality did not happen with the
embryos which were exposed to other surface-charged MSNs. These phenomena confirmed the
effect of surface modifications on MSNs biosafety (Liu et al., 2015b; Sharifi et al., 2021b).

The size of pores also affects the activities of MSNs. The cytotoxicity study of non-porous and
porous silica NPs offered upper hemolytic activity and cytotoxicity of non-porous silica NPs in
comparison with their porous components (Lin and Haynes, 2010; Maurer-Jones et al., 2010).
Many reports have suggested a relationship between the MSNs’ anti-cancer potential and their
pore sizes in the release of drugs (Jia et al., 2013). Compared to MSNs with large pore sizes,
MSNs with smaller pore sizes have demonstrated a sustained drug delivery pattern and a more
anti-cancer potential (Jia et al., 2013). Such examinations have revealed the effect of various
morphologies and particle structures on biocompatibility, biodegradability, and the in vivo/in
vitro assay of MSNs. Choosing a significant nanosystem for various biological activities is a
topic of great interest in this area.

Molecular organic or inorganic doping (such as disulfides (Hadipour Moghaddam et al., 2017;
Huang et al., 2017) or tetrasulfides (Chen et al., 2014d) iron (Wang et al., 2017), calcium (Hao et
al., 2016), and manganese (Yu et al., 2016)) to mesoporous organosilica can control the

degradation rates of MSNs. Moreover, surface modification influences the degradation rate of

42



949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

MSNs. Cauda et al. reported that surface PEGylation of MSNs resulted in slower biodegradation
Linatice (Canda ot ol I0100)  Thayu avaminad tha daceadotion rota af MONa swith cavaral
functional groups including phenyl, chloropropyl, and aminopropyl. The authors concluded that
the degradation rate of phenyl functionalized MSNs was significantly higher than that of the
chloropropyl and aminopropyl functionalized MSNs (Cauda et al., 2010b). It is well-perceived
that the porous structure of MSNs greatly affects the rate of degradation. MSNs with lower
porosity have a faster degradation rate.

Different degradation kinetics can be a merit for various biomedical purposes. The fast
degradation rate might be beneficial in some biomedical applications in which therapeutic drugs
have a short half-life, whereas, in the field of drug delivery, a slow biodegradation rate may
result in controlled drug release. The direct effect of the morphology, size, and degradation
environment on the degradation rate of MSNs has been examined by researchers. The obtained
results revealed that the physicochemical engineering of MSNs permits adjusting the dissolution
rate of silica in the biological environment for particular biomedical activities (Croissant et al.,
2017).

Chen et al. confirmed that in simulated body fluid (SBF) at 37 °C, the MSNs degradation is
independent of the diameters of NPs (Chen et al., 2015b). He et al. showed the impact of the
surface area on the mesoporous silica degradation when three samples of MSNs with different
surface areas of 958, 829, and 282 m? g-! in SBF were compared (Li et al., 2015a). In the first 2
to 4 h, burst degradation was observed, causing 30, 70, and 90% hydrolytic degradation of silica
as the surface area increased.

Cancerous cells use much more sugars, for example, glucose, at considerably higher rates,

compared to normal cells. The major drawbacks, such as the absence of tumor selectivity and the
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poor solubility of celastrol lead to low concentrations of the therapeutic drug in subcellular
nommnartmanta Af tha taraat ticciia xxr hich 101 t1rn mmal-ac thaca ctmintiivrac avoeallant candidatac fose
nanoparticulate delivery. Niemeld et al., utilized glucose as the high-affinity ligand on MSNs to
deliver high loading capacities of celastrol-loaded MSNs to cancer cells. This resulted in
minimum off-target properties on normal cells. MSNs were modified with sugar moieties in
various manners: 1) attached directly to the surface of MSN ii) mediated through a
hyperbranched polymeric; the latter to increase the cellular uptake by producing a net positive
surface charge and also to promote conjugation of sugar inactive sites. The surface modification
impact on the effectiveness of target-specific antitumor properties of the particles was examined
by analyzing the uptake in A549 (human lung carcinoma) and HeLa cells as models of cancer

cells compared to mouse embryonic fibroblasts as normal cells (Niemeld et al., 2015).

8. Industrial Application of MSNs

The commercial transmission of knowledge mostly relies on scalability and therefore the
preparation of MSNs at the production scale may be an obstacle to its industrialization. Due to
their uniformity, highly particular characteristics, reproducibility, and collection, the industrial
production of such products would be the biggest challenge for the pharmaceutical industry.
Regarding the progressing biodegradable models, it is essential to use low-cost and eco-friendly
sources of silica and organic agents, reduce the number of steps of synthetic methods, and
perform synthesis under nontoxic status to address the challenges of environmental degradation
(Mehmood et al., 2017). Industrial usage of MSNs progressed slowly when it was presented in
the biomedical field. Biosensors were industrialized consuming mesoporous silica-based

nanofibers for the Horseradish peroxide (HRP) immobilization (Patel et al., 2006). The larger
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Yamauchi ef al. immobilized capsaicin on the silica nano-particle surface in the presence of
polyamidoamine and its stimulus activation was determined by Yamauchi and co-workers
(Yamauchi et al., 2010). The successful encapsulation of capsaicin enlarged the stimulus activity
in comparison with capsaicin alone. Although inherent toxicity is a concern with the majority of
inorganic NPs, encouraging studies on the biocompatibility and effectiveness of MSNs in animal
models display their incredible ability to navigate this platform to medical conditions (Narayan

etal., 2018).

9. Conclusions and Future Outlook

In this review, the usage of MSN-based materials with anticancer properties was discussed.
MSNss serve as an excellent candidate for cancer treatment because of their unique high specific
surface area and pore volume, tunable surface functionality, stability, good biocompatibility and
biodegradability, and the possibility of creating hierarchical structures. Despite the major
developments in the preparation and application of MSNs, many challenges remain with regards
to their application, processing, and following translation before industrialization, which hinders
their biomedical applications. To achieve simultaneous diagnosis and therapy as a future
viewpoint, novel investigation works and studies on the MSNs should be concentrated on
theranostics agents. Furthermore, care and consideration should be taken regarding the
mechanisms underlying the several aspects of NPs for example, size, charge, and shape on the
cellular activities in informing and designing more efficient MSN-based diagnostic and therapy
systems. As the usage of the product and clinical screening usually need production at industrial
scales, it is completely disparate from the laboratory scale. It is therefore extremely essential to
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advance several innovative and simplified approaches for scale-up. Some of these restrictions
and ~hallanaoc can ha axrarcnma theaniah dicina lawr cnct cnnivoac Af cilina and Avonnic acanta
needed for modification, decreased production steps, and improved safety caution through
forming potential hazard controls. Besides, the protocols of fabrication, surface modifications,
morphological alterations, and parameters of loading can make bring about variances in the
biosafety consideration. Furthermore, controlled degradability of the last progressive MSN
composites should be examined as a vital precondition for their usage in biomedical applications
as the non-degradable manufacture can pose prolonged accumulation caused biosafety risks.
Additionally, the ultimate elimination and degradability of their progressive prototypes solely
relied on the clearance and biodistribution which can be influenced via the surface charge.
Through modification, ligands that are sensitive to just one or two external stimuli such as
magnetic field, temperature, US, and light or inner tissue/cell accessible signals, such as redox
agents, enzyme, pH to the MSNs, can be employed as nanoplatforms for targeted delivery,
localized and controlled release of numerous chemotherapeutics, enzyme, RNA and proteins.
The anticancer properties of the prepared materials are expressively higher than that of free anti-
tumoral. MSNs are generally used as a delivery reagent for the treatment of cancer and are
delivered in most cases by the simple diffusion of cargos from the mesoporous to the
surrounding medium. This significantly leads to a sustained delivery profile and improved cancer
therapy. MSNs may therefore have novel applications in the commercial applications of
nanomedicines. To aid this aim, clinical and pre-clinical trial examinations and laboratory
designs should endeavor to probe and study the various variables in diagnosis and therapeutic

applications in the future.
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Table 1. Summary of MSN-based materials-related patents for cancer therapy.

Type of |

cell line

US20160008283A1

2016

Nel et al

Gemcytabine

Pancreatic
cancer

MSNs was
covered by lipid
bilayer which
indicate a high
loading capacity
for anticancer
agents

(Nel et al.,
2016)

US20140079774A1

2014

Brinker
et al

Anticancer
agent

Liver
cancer

Porous NP-
maintained lipid
bilayers for
targeted delivery

(Brinker
et al.,
2017)

US8926994B2

2015

Serda et
al

TGF-p
inhibitor
LY364947

Breast
cancer

Mesoporous
silicon for the
production of
tumor antigens
and adjuvant for
anticancer
immunity

(Serda et
al., 2015)
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1787  Table 2. Examples of different stimuli-responsive SMNs.
| Type | Termn of | Qurrefonn | Mmoo of | Qinn of
Stimuli Ref.
cancer ° -
Poly (ethyleneimine | Fluorescein and Control release of proteins and (Baeza
ne)-b-poly Soybean Trypsin 200 nm small molecules in reply to an et al.,
Breast | MCF-7 (Nisopropylacrylami | Inhibitor type alternating magnetic field 2012)
de) 11-S (STD).
Attaining a target drug
accumulation in tumor tissue,
. (Gao et
optimum release profile and
Magnetic L929, . . .. coexisting diagnostic imaging al,
Breast MCF-7 Fe;0,, folic acid Doxorubicin 750 nm . ; 2018)
with therapy based on radial
mesoporous silica
Display hyper'thermlc prop'emes (Thom
. . when located in an oscillating
Zinc-doped iron . as et
(MDA- oxide. pseudo- magnetic field, externally al
MB-231 P Doxorubicin - controlled DDS with cancer- 2
Breast rotaxanes o . 2010a)
killing properties
Functional inorganic
gll:rlll(’)(l::r?s(t);l’ssazgz’ et) Platform for Simultaneous Cell | (Chen
Breast MCF-7 cores, Gd-Si-DTPA Boxorubicin ] ﬁrr:;lciarllncer Drug Delivery and ;t) ?10,)
grafted Au@mSiO, £ing
Au@SiO2@msSiO,
RGD sequence-
Us7 enclosing Murder the cancer cell because (Liet
Brain peptide attached Doxorubicin 100 nm | of the disulfide bonds cleavage | al.,
MGeells | trough disulfid 2015b
cancer rough disulfide through intracellular GSH )
bonds
(de
Simplify the drugs accumulation | Oliveir
Redox HeLa in cancer environment , longer a
- cells B-CD joined via Doxorubicin 200 nm blood retention half-life, and Freitas
disulfide bonds improve cellular uptake et al.,
2017)
GSH-responsive DDS will
Liver HepG2 causing a novel production of (Yang
cells MnO, nanostructure | Doxorubicin 120 nm nanodevices for intracellular etal.,
cancer :
controlled delivery 2015)
(Fang
Chemotherapy and PTT and for
i Hep-G2 Pd@Ag nanoplates Doxorubicin 150 nm killing tumor cells. ctal,
as core 2012)
Pure coumarin
derivative or Irradiation of either one- or two
Licht anticancer drug photons excitations induced
& chlorambucil controlled release of anticancer | (Lin et
MCF-7 functionalized with drug, good biocompatibility, al.,
7-amino-coumarin Chlorambucil 130 nm cellar uptake property, and 2010)
Hela . .
i derivative was efficient photo regulated drug
attached onto the release
AP-MSN surface
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incorporate 4-

Pancrea E&NC_I phenylazoaniline (4- Light-activated nanoimpeller- (Luet
w1 | awrson PAA) into the e controlled drug release in cancer | al.,
2008)
particle pores
(Deniz
aYilma
Releases DOX in acidic solution | z and
Breast | MDA-MB- Poly (a-amino esters) | Doxorubicin ) or in the existence of porcine Frasera
cancer | 231 cell Y liver esterase Stodda
It,
2015)
Enzyme Rotaxane, azido- . ey (Cheng
Breast GFLGR7RGDS, sev . Pro.gr.ess avoidance to av-p3 etal.,
cancer | Hela .. Doxorubicin 130 nm positive HeLa cancer cells
en arginine 2015)
Anticancer drug loading
. HepG2 Serum albumin capacity could pro'ﬁcllent.ly (Liu et
Liver cause cell apoptosis in vitro and | al.,
cancer tumor attached through D bici 200 avoid tumor growth with least 2015a)
. ST oxorubicin nm
bearing polypeptide linker side effects.
NIR-responsive and temperature
DOX release, with an enhanced
release rate with GSH behavior
and used as anticancer drug (Zhang
Breast | MCF-7 DNA marked copper . ~140-200 | delivery carrier with trl.ggered et al.,
Doxorubicin nm. drug release and effective 2015a)
cancer | cells sulfide nanospheres : S
anticancer behavior in
Temperature vitro subsequently NIR
irradiation.
Biocompatible MSNs-coated
e . (Sun et
Poly(2- zwitterionic sulfobetaine
Cervi HeLa (dimethylamino) al,
ervica y Doxorubicin copolymer for temperature- 2012)
1 cancer | cells ethyl methacrylate) )
- responsive release of drug
Indicating pH-triggered release (Niede
. ; . rmayer
in the endosome, light-triggered
T 24 cells . et al.,
. 90 nm endosomal escape with an on-
Bladder Poly (2-vinyl .. . 2015)
pH cancer pyridine) Doxorubicin board photosensitizer, and
effective folic acid-based cell
targeting.
Cervica Safe and operative drug- (Feng
HeLa Alginate/chitosan Doxorubicin delivery systems with good et al.,
| cancer 1674 nm | . o
polymer tissue compatibility. 2014)
Superparamagnetic iron oxide
core with core@shell NPs, shell
. (Lee et
of mesoporous silica, and crown
Ultrasound . al.,
Dibenzo-crown Doxorubicin 200 nm ether boundary was prepared for 2013)
- L1929 ethers tumor cell imaging and drug
delivery
1788
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Table 3. Summary of applications of MSN-based materials for cancer treatment.

angiogenesis and

MSN | Material | Surface | PO | Cancer | T Dor
‘T'he targeting co-
delivery of
Magnetic VEGF shRNA chemotherapeutic (Lietal.,
MSNs and DOX PEI, folic acid HeLa cell - agents and nucleic 2016)
acid drugs
photosensitize Synergistic
r chlorin e6 chemical
(Ce0), GOx, photodynamic-
bis[2,4,5- -NH, starvation treatment
trichloro-6- Cancer cell to inhibit tumor
. . (Yuetal.,,
(pentyloxycar | coating B16-F10 Lung metastasis. 2018b)
bonyl)phenyl]
oxalate
HMSNs (CPPO),
perfluoro Glutathione-
hexane (PFC) sensitive hollow
MSNs showed a
GSH ) MCEF-7 Breast Zﬁgiggdé?g]) OX, (Moghaddam
et al., 2018)
due to the large
voids that
might exist in the
structures.
ritming | A58l
PEGylation and 3 ange S P Reduction of lung
VEGF fusogenic Lung cancer growth and (Chen et al.,
MSNs peptide KALA HGLM-3 metastasis 2014c)
modification
Sub-q Photoacoustic (PA)
Sub-6 nm CuS MDA-MB- and infrared (IR) (Wei et al
MSNs DOX nanodots 231 cells Liver thermal imaging- 2018) ?
coating HepG2 cells guided synergistic
cancer treatment
Gemcitabine xenograft and
(GEM), orthotopic Pancreatic cancer (Meng et al.,
MSNs Paclitaxel lipid bilayer animal Pancreatic thera 2015)
(PTX) models, Py
Effective delivery
of drug to the .
ﬁ;l;:i(d}}l;lﬁ;eyder Axitinib Sub-q cancer site with gc()lllg ctal,
MSNs covering Celastrol SCCT7 cells Breast improved effects on
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mitochondrial
function, avoid of
cell proliferation

apoptosis, anti-
angiogenesis,
improved antitumor
function.

Magnetic
mesoporous
silica
nanocomposi
tes

Dox, Ce6

Alginate/chitosa
n

Breast cancer
cell line
(MCE-7)

Dual-modal cancer
imaging and
synergistic chemo-
photodynamic with
gene therapy

(Yang et al.,
2017)

MSNs

PEG/PDA,
AS-1411
aptamer
enveloping

CX-5461

Sub-q
HeLa cells

Cervical

Cancer treatment
via induction of
selective pro-death
autophagy

(Duo et al.,
2018)

Hollow
mesoporous
spheres

DOX

folate-
conjugated
rattle-type
Fe304@Si02

Hela cells

Synergistic targeted
anticancer with
receptor-mediated
and magnetic
targeting

(Zhu et al.,
2010)

HMSNs

DOX

Au nanostar,
RGD coating

Sub-q
UTMG cells

Brain

Targeted
photothermal and
chemotherapy of
cancer cells

(Lietal.,
2017a)

MSNs

DOX

Transferinin

Human
pancreatic can
cer cells,
MiaPaCa-2

Pancreatic

Multifunctional
MSN delivery
system include pH-
sensitive nanovalves
fluorescent
molecules, and
targeting proteins to
improve the
treatment of cancer

(Hwang et
al., 2015)

MSNs

PLH
and PEG
covering

Sorafenib

Sub-q
H22 cells

pH-controlled
system can be
triggered to drug
release in tumor
specific

Muet al.,
2017)

MSNs

CPT or
paclitaxel
(TXL)

phosphonate
and folic acid

PANC-1 and
BxPC3 cells

pancreatic
cancer

Magnetic resonance
and fluorescence
imaging, drug
delivery, cell
Targeting, and
magnetic
manipulation

(Liong et al.,
2008)

Gd-doped
MSNs

ICG-loaded
thermosensitiv
e

DOX

Sub-q
4T1 cells

Breast

Triple-modal
imaging-guided
synergistic

(Sun et al.,
2018)
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liposomes treatment of tumor
gES«Tin_i?);nﬂ Colorectal Ef\}iorz(l)'\(‘iryilnarl;nr:inn (7han et al
IVIDIVS CdalnpLlouiccClil dalld 2d1dacClosc 231) DICdbSL
Attached with
b-cyclodextrin
Peptide RLA PDT with PTT is a

Mesoporous | ([RLARLAR] combination therapy | (Williams,

silica 2) Sub-q for extension of 2009)

bounded Polymer ICG MCF-7 cells - tumor-bearing mice

gold nanorod | CS(DMA)- survival time

PEG
. Cell-nuclear (Pan et al.,
MSNs DOX TAT peptide Hela cells - targeted DDS 2012)
MR imaging
tracking of
Intracranially inflammation-
Magnetic DOX Neutrophils injection Brain activatable (Wuetal.,
MSNs carrying C6-Luc or tumor engineered 2018)
U87-Luc neutrophils for
targeted therapy
The low penetration
across the blood-
Magnetic doxorubicin Transferrin, glioma cells, Brain tumor ba}mer (BTB) (Cui et al.,
silica and paclitaxel | PLGA U-87 and cancer and malignant brain 2013)
bEND.3 glioma across the
blood
brain barrier (BBB)
Introduction of (Rosenholm

MSNs Camptothecin | Folic acid, PEI Panc-1 Breast fluorescent and et al., 2009)
targeting moieties "
Specific induction
of apoptosis,

MSNs MTX Methotrexate HeLa - targeted delivery of (Rosenholm
the et al., 2010)
chemotherapeutic

silica fl(t)):/llrrrll?nserum Hollow pH-sensitive (Deng et al.,

nanospheres (BSA) chitosan MCEF-7 Breast targeted delivery 2011)
pH- and redox-

U-87 MG, dual-responsive (Xiao et al.,

MSNs DOX RGDEFFFC 1 g7 - tumor-triggered 2014)
targeting

Breast Spatio-temporal (Xiao et al

MSNs DOX Sgc8 Hela control to cancer ?

Cancer 2014)
therapy
Targeting specific
MSNs Camptothecin | Hyaluronic acid | MCF-7,1.929 | - gir;fersgglgs t(l)l\éer_ %{i 2§t al,
CD44 protein
MDA-MB- photodynamic (Ma ct al
TPE-PDT 231 MCF-7 therapy in cancer ”
MSNs Mannose HCT-116 Breast treat rlr)l Znt 2012)
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1799

MSNs

Fluorescent
MSNs

Sunitinib

Camptothecin

cRGDyK

trihydroxysilylp
ropyl
methylphosphon
ate

USTMG

Capan-1,
AsPc-1, and
PANC-1

Pancreatic,
colon,
stomach

PET image-guided
DDS and tumor
vasculature

Minimum leakage
of drug into the
buffer solution and
cell medium,
delivery system of
hydrophobic
anticancer drugs

(Chakravarty
et al., 2015)

(Luetal.,
2007)
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MCM-41, SBA-15 oMS Ordered Mesoporous Silica

TUD Technische Universiteit Delft
- MCF Meso Cellular Form

FSM Folded Sheet Mesoporous

KIT Korean Advanced Institute of Technology Face-centered cubic
Lamellar: MCM-50 Fairleigh Dickinson University (Fm3m): FDU-12

1800

1801  Figure 1. Schematic depiction of various mesoporous materials utilized as DDSs (Trzeciak et al.,

1802 2021).
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1803

1804  Figure 2. Schematic depiction of the EPR effect: passive targeting to tumor tissue is achieved by
1805  extravasation of NPs through the increased permeability of the tumor vasculature and ineffective

1806  lymphatic drainage (Fox et al., 2009).
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1808  Figure 3. Schematic representation of the preparation process and fluorescence imaging-guided

1809  antitumoral drug delivery application of MSNs-CDs nanohybrid (Zhao et al., 2019).
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Figure 4. Schematic representation of the various stimuli applied for the controlled release of

chemotherapeutics (Kang et al., 2018).
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Figure 5. (A) In vitro release profile of DOX from Lip-PFP-DOX-MSNs and Lip DOX-MSNs
with and without US-irradiation. (B) Cellular uptake studies with confocal microscopy with
FITC (green) labelled NPs. DOX-MSNs, Lip-DOX-MSNs (Non-US), and Lip-PFP-DOX-MSNs
(US), showing localization of DOX (red) in the nuclei, stained with DAPI (blue). Scale bar is 20

pm (Amin et al., 2021).
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Figure 6. Schematic of the delivery process: (I) multifunctional enveloped nanosystem under
neutral pH, (II) detachment of PEG-PLL chains in acidic tumor microenvironment, (III)
Electrostatic interaction between cationic NPs and negatively charged cell membrane, (IV)
intracellular GSH-triggered TPT and TPep release, (V) specific binding and mitochondria

disruption (Luo et al., 2014).
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Figure 7. Schematic depiction of nuclear-targeted DDS based on MSNs modified with TAT

peptide to overcome MDR with enhanced chemotherapy efficacy (Pan et al., 2013).
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1834  Figure 8. PET images of 4T1 tumor-bearing mice at different time points post-injection of (a)
1835  Cu-MSN-800CW-TRC105(Fab), (b) Cu-MSN-800CW, and (c) Cu-MSN-800CW-TRC105(Fab)
1836  with a blocking dose of TRC105 (1 mg/mouse). The yellow arrowheads display tumors (Chen et

1837  al., 2014b).
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