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Rapid progress in developing multifunctional nanocarriers for drug delivery has been observed in recent years.
Inorganic mesoporous silica nanocarriers (MSNs), emerged as an ideal candidate for gene/drug delivery with
distinctive morphological features. These ordered carriers of porous nature have gained unique attention due to
their distinctive features. Moreover, transformation can be made to these nanocarriers in terms of pores size,
pores volume, and particle size by altering specific parameters during synthesis. These ordered porous materials
have earned special attention as a drug carrier for treating multiple diseases. Herein, we highlight the strategies

employed in synthesizing and functionalizing these versatile nanocarriers. In addition, the various factors that
influence their sizes and morphological features were also discussed. The article also summarizes the recent
advancements and strategies for drug and gene delivery by rendering smarter MSNs by incorporating functional
groups on their surfaces. Averting off-target effects through various capping strategies is a massive milestone for
the induction of stimuli-responsive nanocarriers that brings out a great revolution in the biomedical field.

1. Introduction

Nanomedicine’s advent in the field of nanotechnology has gained
much escalation with the provision of promising solutions towards drug
delivery for the treatment of several diseases (Bernal et al., 2021;
Nagraik et al., 2021). The development of nanocarriers to transport and
release a therapeutic agent at the diseased site in a controlled and se-
lective manner has gained significant attention from researchers (Sci-
cluna and Vella-Zarb, 2020). Nanometric agents provide an effective
alternative for treating diseases requiring the potent administration of
cytotoxic drugs. These agents are mainly categorized as organic or
inorganic nanocarriers and brought tremendous achievement in treating
various infectious diseases. These organic nanometric agents include
different polymeric agents (Begines et al., 2020; Kong et al., 2020;
Palanikumar et al., 2020; Siddiqui et al., 2020), lipid-based carriers
(Barkat et al., 2020; Plaza-Oliver et al., 2021), dendrimers (Mandal,
2021; Nikzamir et al., 2021) and micelles (Atanase, 2021; Hwang et al.,
2020). These agents are widely employed for the treatment of various
dreadful diseases. However, in contrast to organic nanometric agents,
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the carriers composed of inorganic composition have gained remarkable
attention owing to their higher mechanical, chemical, and thermal sta-
bilities. These agents mainly include nanocarriers consisting of carbon,
metal, or silica (Zhang et al., 2021)..

Nanoporous silica nanoparticles are the inorganic particles having
pores in the nano-size of 1-100 nm. These nanopores are categorized as
micropores having a diameter of < 2 nm, mesopores of 2-50 nm pore
diameter, and macropores with a pore diameter of 50 nm or larger
(Zhang et al., 2021). These agents also depict good biocompatibility but
a relatively low degradation profile (Shi et al., 2020). Among different
substances used for the composition of these agents, mesoporous silica
nanocarriers (MSNs) acts as one of the astounding achievements. These
carriers shared significant attributes of high loading and encapsulation
efficiency, ease of production, biocompatibility, zero premature release,
and increased capacity of tunability in terms of their size, pores diam-
eter, and morphology (Alyassin et al., 2020; Manzano and Vallet-Regi,
2020). In the initial phase, they were only employed to increase the
solubility of drugs having lower solubility. However, further exploration
and advancement in their applications widens their purpose for
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improving bioavailability, designing controlled drug release, and tar-
geting the active moieties at the desired site. In recent years, receptor-
based targeting at the desired site through stimuli-responsive action
has gained significant importance (Haddick et al., 2020; Kundu et al.,
2020).

The most promising advantages of MSNs as a drug delivery system
are their “zero premature controlled release” property (Slowing et al.,
2008) by ensuring drugs be delivered without leakage. This property of
the MSNs can be achieved by designing them as intelligent drug delivery
carriers, which enables them to release the drug in the specified area of
interest without any premature release at the off-target sites. Conven-
tional polymeric nanocarriers suffered from the limited drug loading
capacity and the abrupt departure of matrix-encapsulated agents due to
poor stability profile. In contrast, MSNs are highly stable and can deliver
large payloads of drugs with precise temporal control. This kind of
release is particularly beneficial for the delivery of cytotoxic agents
requiring precise drug control. For this purpose, various gatekeepers
play a crucial role in controlling the release of drugs by capping the
entrances of the carriers and can only be removed under specific con-
ditions. The internal structure of these agents acts as a safer micro-
environmental region that serves as effective loading of the therapeu-
tic agent and at the same time its protection from deactivation or
degradation from the external environment. These pores of the MSNs
may act as drug reservoir systems and permit controlled diffusion of a
drug to the surrounding tissues over specified intervals of time upon the
influence of any internal (endogenous molecules, redox potential, pH, or
biomolecules) or external triggering stimuli (Light, pH, heat, ultrasound,
magnetic field or chemicals) (Chen et al., 2020a; Irshad et al., 2020;
Kundu et al., 2020). The fabrication of such an intelligent carrier system
demonstrated precise release of drug at a specified area, exhibiting zero
premature release of drug in the systemic circulation. However, without
capping or surface functionalization, these drug carriers may exhibit
release of drug in the systemic circulation, having a premature release of
a drug.

These different gatekeepers may include certain materials acting as
hard caps or soft caps. The distinction is made based on the templating
method which is being used for the fabrication of porous MSNs. Two
types of templating materials are commonly employed for their fabri-
cation. The hard templating method, also called exotemplate, utilizes a
porous solid agent, in which inorganic precursor is utilized to fill the
hollow spaces of MSNs. These are synthesized from nanomaterials of
non-silica sources such as polymeric beads, semiconductor NPs, metal or
metal oxides (Cadmium sulfide (CdS), iron oxide (Fe304)), and gold
nanocarriers (AuNPs). While in the soft templating method, also called
endotemplate, a surfactant is usually utilized without use of any hard
template. Soft capping agents include various biomolecular agents, mi-
celles, organic molecules, microemulsions, or supramolecular assem-
blies. In comparison to hard MSNs, these agents are produced under
mild reaction conditions following an easy method of synthesis (Ghaferi
et al., 2021). The capping technique also influences the release pattern
of the encapsulated agent. The templating agent affects the structural
properties of NPs, which in turn affects the release of encapsulated
material from their surface, e.g, shell thickness of the carrier. For
example, Lin et al. demonstrated the different release kinetics of ATP,
encapsulated in various capped MSNs through real-time imaging. The
hard-capped MSNs revealed the faster release of a small payload of the
drug while the soft capped MSNs like polamidoamine demonstrated
sustained and slow release for larger drug amounts (Gruenhagen et al.,
2005).

Moreover, functionalization of MSNs can be provided by decorating
their external surfaces with ligands capable of active targeting at the
diseased site. Attachment of one or more stimuli-responsive functional
groups to the capped MSNs enables them to release drugs on command.
For this purpose, modifications of the silanol groups have been made on
the surface of MSNs to create highly modified nanocarriers with
remarkable and efficient properties. In addition, all these materials can
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be phagocytosed by physiological cells without posing any cytotoxicity,
which makes these multifunctional MSNs a superior candidate for the
site-specific-controlled delivery of drug/gene or any other therapeutic
moiety (Kankala et al., 2020). Herein, we will discuss the types, syn-
thesis techniques, and the recent advancements in the development of
novel stimuli-responsive MSNs by various capping molecules. Moreover,
we will also focus on the surface modifications of these agents for release
of a therapeutic agent at the target site, upon exposure to internal or
external stimuli.

2. Types of MSNs

Synthesis of MSNs dates back to the 1970s, after which in 1992,
Mobil Research and Development Corporation synthesized MSNs from
gels of alumino-silicate. They utilized a template of liquid crystals and
named these materials MCM-41 (Mobil Composition of Matter or Mobil
Crystalline Materials). Usually, these MSNs are categorized into various
types, such as Santa Bar-bara (SBA including SBA-1, 2, 3, 6, 12, 15, 16,
etc.), Mobile Crystalline Materials that further includes (MCM-41, 48
and 50), Michigan State University (MSU), Fudan University (FDU) and
Hexagonal Mesoporous Silica (HMS). According to IUPAC, MSNs are
materials with an ordered presentation of pores with a 2-50 nm porous
diameter. The sizes of the pores can be altered by employing specific
surfactants under suitable reaction conditions (Beck et al., 1992). These
surfactants can be of four types based on charges present on them,
including cationic surfactants (quaternary ammonium salts or cetyl-
trimethylammonium bromide (CTAB)), anionic type (compounds car-
rying sulfonic acid, phosphoric acid), non-ionic type polyethylene oxide
(PEO), and ampholytic type. Apart from these, certain other carriers of
mesoporous nature were also synthesized through variation in the
starting templating agents and reaction conditions (Vallet-Regi et al.,
2001). These materials have changed geometrical arrangements with
variations in pores sizes.

Due to the availability of a wide variety of surfactants, different
structures of MSNs have been introduced as shown in Fig. 1.

Different members have been fabricated among MCM families by
utilizing different reaction conditions. Among these, MCM-41 are widely
used carriers employing cationic surfactants as a templating agent. They
are composed of the regular two-dimensional hexagonal arrangement
having a pore size of 2.5 nm to 6 nm. By considering the importance of
the MCM family, MCM-48, another member of the MCM family has also
been designed as a drug carrier. MCM-48 depicts a cubical arrangement
with a three-dimensional structure. In contrast to MCM-41, these ma-
terials displayed bi-continuous channels and offered quick materials
transport. MCM-50 is also designed among the MCM family which
exhibited lamellar arrangement (Oye et al., 2001). The general mecha-
nism of MSM formation is depicted in Fig. 2. Firstly, the surfactant
molecules self-aggregate themselves at alkaline pH above the critical
micelle concentration, resulting in the formation of micelles. Afterward,
with the addition of tetraethoxysilane (TEOS), the micellar packing
started through the electrostatic interaction between positively charged
N*(CHs); and negatively charged silanes (Si-O°), which leads to the
formation of ordered architectures of silica. The silica precursors overlap
at the polar head of surfactant micelles by forming a wall around them.
Removal of surfactant to expose the channels of mesopores resulted in
the formation of MSMs.

Another mesoporous structure of highly ordered nature is termed as
SBA or Santa Barbara; due to their synthesis at Santa Barbara, the Uni-
versity of California. These materials possess thicker walls of silica and
larger pores of 4.6 to 30 nm (Zhao et al., 1998). The initial templating
agent for their synthesis can influence the symmetry of these materials.
Non-ionic co-polymer alkyl poly (ethylene oxide) helps to design cubic
mesopores named SBA-11 while oligomeric surfactants result in the
formation of three-dimensional hexagonal mesostructured SBA-12. In
the same way, poly (alkylene oxide) brings out a regular hexagonal
mesostructured carrier named SBA-15 or a cubic cage-like structure
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Fig. 1. Different types of MSNs.
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Fig. 2. Schematic representation of MCM-41 synthesis using cationic surfactant template.

termed as SBA-16 (Zhao et al., 1998).

FSM-16 is another exciting type of mesoporous material that can be
utilized for wide pharmaceutical purposes, besides its use as a catalyst
and adsorbent. (Tozuka et al., 2005). Some other types of mesoporous
materials are coined as Korea Advanced Institute of Science and Tech-
nology (KIT) and Technical Delft University (TUD-1) with different
symmetries and pore shapes (Heikkila et al., 2007; Nandiyanto et al.,
2009). Among the above-mentioned MSNs, MCM-41, 48, and SBA-15,
16 are employed widely for drug and gene delivery.

3. Advances in synthesis methods

MSNs can be synthesized through various methods, including soft or

hard templating method, fast self-assembly, Stober method, modified
aerogel methods, hydrothermal technique, and dissolving reconstruc-
tion method. Synthesis of spherical micron-sized silica nanocarriers was
pioneered by Stober, by employing specific chemical reactions, and the
method was afterward named as ‘Stober synthesis’(Stober et al., 1968).
Mostly Stober’s method is followed for the fabrication of MSNs, which is
also known as the sol-gel method. In the sol-gel method, the sol phase is
generated by the reactions of hydrolysis and condensation with the
production of colloidal particles at alkaline or acidic pH, while the
condensation of colloidal particles results in the production of gel phase
of three-dimensional structure through cross-linking of siloxane bond
(Corbalan et al., 2012b). This general reaction is depicted in Equation 1
and 2 as:
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=Si—-OH+OH-Si= & =8Si—0-Si = +HOH (€D)]
=Si—-OH+RO-Si= < =Si—0-Si= +ROH (2)

Where R, maybe any alkyl group.

Hydrolysis of alkoxide groups depends upon the molar concentration
of Si/H20 and other reaction conditions. The condensation process oc-
curs only after hydrolysis reaction, in which repeated condensation
forms a chain-like structure in the colloidal solution, while in gel form, it
forms a huge network (Danks et al., 2016). Drying of this phase results in
the formation of various biomolecules that were embedded in the silica
gel matrix resulting in the formation of MCM-41. Through this tech-
nique, the produced MSNs are in the micron range, while the alkyl sil-
icates hydrolysis and condensation control the particles’ dispersity in
the presence of alcohol. The method utilizes four components; silica
source, water, alcohol, and base (Stober et al., 1968). The expression of
MSNs reaction through sol-gel reaction is:

Hydrolysis : Si (OC,Hs), +H,0 < Si (OC,H;),0H + C,HsOH 3
Water condensation : Si—O—-H+H—-0—-Si< Si—0-Si+H,0 (@)

Alcohol Condensation : Si— O — C,Hs + H— O — Si« Si — O — Si + C,H;OH
%)

Several other modifications can be made to get the particles of highly
ordered nature in a nanometric range of different shapes (Wang et al.,
2016). Further modifications were made to this method by utilization of
cationic surfactant template to obtained spherical structure of MSN
rather than hexagonal one, having same properties as provided by other
methods. A lot of research has been conducted to obtain stable mono-
disperse particulates of MSNs (Griin et al., 1997). This method is ad-
vantageous over others in terms of its simplicity and cost-effectiveness,
with a uniform structure and controlled properties. Also, the process
utilizes fewer excipients and is also time-saving (Bharti et al., 2015;
Shahbazi et al., 2012).

The other technique for producing MSNs include soft and hard
templating methods. In the soft templating method, MSNs are produced
through the use of organic templating agents to create porosity. In the
next step, heat is provided to remove the templating material and for the
isolation of pure mesoporous carriers (Wu et al., 2013). While, in hard
templating method or nano casting technique, the precursors of silica
fills the templating mesopores through capillary force, followed by the
treatment of chemical or thermal removal of the templating agent, that
produces a mirror image of mesoporous silica structure (reverse struc-
ture) (Egger et al., 2015).

Hydrothermal technique for the development of MSNs was discov-
ered by Roderick Murchison, a British Geologist. He introduced it as the
formation of minerals that were obtained by the hot water solutions
from cooling magmas. The process can be described as the reaction
occurring in the sealed container where the system’s pressure and
temperature are kept high (Feng and Li, 2017). The method follows
similar steps to that of the sol-gel process, except that the mixture is
transferred to an autoclave having a lining of Teflon at a certain tem-
perature, followed by the template removal. MSNs obtained through this
method have improved regularity and greater hydrothermal stability
(Yuetal., 2012). Table 1 listed the distinguishing features of the Sol-Gel
and Hydrothermal process

Three important materials are necessary for the formation of MSNs;
silica precursor (tetramethylorthosilicate, tetraethylorthosilicate, tetra-
kis (2-hydroxyethyl) orthosilicate, and sodium metasilicate), a surfac-
tant that may act as a template directing agent (cationic or non-ionic)
and a catalyst. Other reagents may include co-solvents that are incor-
porated for the prevention of aggregation.
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Table 1
Distinguishing features of sol-gel and hydrothermal process.

Distinction Sol-gel process Hydrothermal References

process

Process This process involves In this process, an (Varshney
two main steps of inorganic substance et al., 2021)
synthesis, including is added to the
the formation of templating agent
particles in solution (acid or alkali), and
followed by gel the fabricated
formation due to the hydrogel is
3D polymeric afterward subjected
network. to autoclaving.

Reaction In this process, the The reaction takes (Mohamed Isa

conditions requirement of a place in a sealed et al., 2021;
sealed container is container, having Yu et al.,
not required. maintained 2012)
temperature and
pressure.

Requirement of The method doesn’t The method requires (Yu et al.,
Autoclave require autoclaving a Teflon-lined 2012)

or any other autoclave to
parameter of high maintain process
temperature. parameters.

Formation of Desired morphology The powdered solid (Galabova,
mesoporous is obtained through SiO,, got dispersed 2021).
particles simultaneous during heat

hydrolysis and treatment, and the

condensation of formation of

metal oxide. mesophase assembly
occurs after the
removal of heat.

Morphology of Formulation Particle morphology ~ (Narayan
MSNs parameters, such as and size have a et al., 2018)

temperature, pH, and  significant influence
reagent on cooling rate after
concentrations, affect thermal treatment.
the morphology and

size of the particles.

Advantages The main advantages The advantage of (Bharti et al.,
include increased this method is to 2015;
purity and ease of obtain of MSNs Shahbazi
synthesis at moderate  having greater et al., 2012) (
reaction conditions hydrothermal Lin et al.,

stability. 2011).

Disadvantages The method produces  The process is (Miller et al.,

particles in micron complex and 2014).

size and requires
further modifications

requires increased
time.

4. Factors that affect cellular uptake and drug loading in MSNs

Mesoporous silica nanoparticles (MSNs) possess many attributes that
make them beneficial for use in drug delivery due to their unique mes-
oporous structure. They also offer a high level of chemical stability, easy
surface functionality, and biocompatibility that ensures controlled drug
release and targeted delivery of various encapsulated agents. MSNs have
gained attention in the scientific community due to the aforementioned
properties: large pore volume, high surface area, narrow pore size dis-
tribution, and tunable pore diameter. Targeted drug delivery can also be
achieved by surface modification of the MSNs.

Several factors influence the cellular uptake of MSNs by targeting
cells, including particle size, pore size, shape, charge, and surface
modification. In order to obtain MSNs to act as an ideal carrier for drug
delivery, the particles must be of uniform shape with larger pore volume
to maximize the loading capacity of the drug. The key properties of
MSNs are affected by the following parameters.

4.1. Size of MSNs

Particle size is one of the most crucial factors that affect the carrier
properties and deliver the entrapped agent to the target site. Particles of
smaller diameter are usually preferable for effective delivery of the
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agent with better cellular uptake properties. The particle size of the
MSNs is affected by a variety of factors such as pH, temperature, reaction
time, the addition of functional organo-silanes.

One of the foremost vital factors that contributes a significant role in
controlling the particle size is the pH of the reaction medium. The hy-
drolysis process is affected by the initial pH that further controls the size
of particles. In contrast, the particle’s nucleation is determined by the
silica condensation that affects the quality of nanoparticles. In a basic
medium, the rate of hydrolysis increases with an increase in pH. In
contrast, the rate of condensation is not proportional and is higher at pH
8.4 with a further decrease with an alteration of pH. A study demon-
strated by Qiao et al. reported an increase in particles size from 30 to 85
nm with a subsequent reduction in pH from 10 to 6.8. These reports
depicted that the minimum particle size can be attained at a pH of 9-10,
showing the increased effect of condensation rates on the particles size
compared to hydrolysis (Qiao et al., 2009). Moller et al. used trietha-
nolamine as a base catalyst to create a basic environment instead of
ammonium hydroxide (NH40H) or sodium hydroxide (NaOH). Trie-
thanolamine (TEA) may also perform its function as a complexing agent
and prevent aggregates formation with a production of smaller discrete
particles by affecting the pH of the system (Moeller et al., 2007).
Another study reported by Bouchoucha et al. also demonstrated the
control of particle size of MSNs particles by employing TEA as a base
catalyzing additive and as a dispersing agent (Bouchoucha et al., 2016).
Chiang et al. demonstrated the control of particle size of MSNs by
observing different parameters. They concluded that among the various
parameters that influence the size of the particles, pH plays the most
important role, and the sequence of the influencing parameters is 57%
for the pH, 29% for the reaction time, and 13% for the pH the amount of
TEOS. They demonstrated the effect of particle size by changing the pH
values to 9.5, 12.16, or 13 and observed the smaller particle size of
around 100 nm at pH 13.

The reaction time also has a notable influence on the particle size of
MSNs. Chiang et al. also observed the effect of reaction time on particle
size. They reported that the size of the particles increases at the start
with a subsequent decrease as the reaction period increases from 2-10 h.
(Chiang et al., 2011). Wang et al. developed virus-like MSNs having
improved cellular uptake characteristics. The structural properties of
these carriers changes at different reaction times. On prolonging the
total reaction time, the walls of mesopores got thicker. After 18 h, the
surface area of particles reduces due to the blocking of MSNs channels
with excessive silicates growth. On further increasing the reaction time
up to 24 h, the shorter nanotubes of silica adhere to the surface of
nanoparticles without a noticeable change in the shape of nanoparticles.
With a further increase of reaction time, these nanotubes increase in
length up to ~5 nm with an increase in particle size of 130 nm. Finally,
after 48 h, the total length of mesopores extends up to ~15 nm with
particles size of 160 nm with elongation of nanotubes (Wang et al.,
2017a).

Particle size can also be altered by the addition of certain solvents or
other compounds. The effect of different co-solvents and mixtures on the
sizes of the particles demonstrated a significant reduction of particle size
by using ethylene glycol. It was proposed that the use of ethylene glycol
decreases the interaction of surfactant with silica precursors and inhibits
the growth of particles (Gu et al., 2007). Change in the composition of
the alkoxy group (Si (OR) 4) of tetraalkoxysilanes also brings out the
change in the particle size. Also, the addition of certain additives like
alcohols also influences the hydration rate of the reaction and causes
alteration of particle size (Yamada et al., 2013). CTAB concentration
also affects the process of hydrolysis and its micellization. Therefore the
lower concentration of CTAB brings more homogenous and spherical
distribution of particles sizes, while agglomerates were observed with
variation in its concentration (Vazquez et al., 2017). The concentration
of polymer F127 also plays a critical role in controlling the particle size
of MSNs. Studies also reported the effect of tetramethylorthosilicate
(TEOS) concentration on the particle size of MSNs. They observed that
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with the increasing value of TEOS, an increase in the particle size was
observed. Although this increase in the particle size is not in proportion
to the increase of TEOS, indicating a little effect of TEOS on particle size
(Chiang et al., 2011). Also, increased concentration of TEOS is
accountable for the change of monodisperse system to a heterogeneous
system of particles size distribution. This is due to the presence of an
excess quantity of silica precursor that leads to the production of new
nuclei among the already formed particles (Zainala et al., 2013).

The introduction of some capping agent or functionalization of MSNs
also affects the particle sizes. Capping of MSNs through polyethylene
glycol (PEG)-silanes helps in the attenuation of the growth of particles,
hence inhibiting their size through the process of steric stabilization. The
addition of PEG-silane immediately to MSNs after the addition of tet-
ramethyl orthosilicate (TMOS) limits its size up to 5 nm. Still, an in-
crease in particle size of >13 nm was observed if there was a delay in
addition after 50 minutes (Ma et al., 2013). Stirring rate is another
crucial factor in determining the particle size; slow stirring resulted in
the formation of larger particles while fine particles were formed upon
fast stirring (Beltran-Osuna et al., 2017).

Temperature is another parameter that affects the particles sizes of
MSNs. Increasing the temperature from 30°C to 70°C increases the
particles size of MSNs from 28 to 113 nm. This may be due to poly-
condensation of silica precursors due to an increase in reaction rate,
which results in the formation of a denser structure of silica with
increased particle size (Zainala et al., 2013).

4.2. Pore size

Pore size is one of the essential parameters of MSNs for loading a
variety of drug bio-macromolecules. Self-assembly of surfactant mole-
cules with the silica precursor leads to the formation of MSNs with
various pore sizes. These pores are formed upon the removal of charged
surfactant molecules. In the case of non-ionic surfactants, the formed
MSNs will have smaller pores sizes with low surface area. Several at-
tempts have been made to synthesize MSNs with uniform pore sizes with
highly ordered hexagonal regular structures. The persistent urge to
obtain large pores of MSNs for the accommodation of carrier drug
molecules brought the discovery of MSNs in 1992.

Surfactant selection plays a key role in ordering MSNs and affects
their pore size. It was postulated that the sizes of the pores could be
expanded by employing new templating materials. Pore sizes of the
MSNs carriers can be varied by using surfactants of various chain
lengths. The surfactants having longer chain lengths will form MSNs of
larger pores in comparison to the surfactants of shorter chain lengths.
Yano et al. developed monodispersed MSNs having highly ordered
regularity by employing n- alkyl trimethylammonium chloride
(CnTMACI) as a surfactant, where n =14, 16, and 18. The developed
MSNs were aligned from the central point to outwards in a radial
manner in the spherical particles (Yano and Fukushima, 2004).

For the generation of MSNs, usually, salts of dodecyl or cetyl-
trimethylammonium  (CTA) were used, such as cetyl-
trimethylammonium chloride (CTAC) or cetyltrimethylammonium
bromide (CTAB). A study reported the formation of MSNs with high
porosity by employing a combination of surfactant (CTAB), co-
surfactant (dimethyl hexadecyl amine), and oily phase (decane) to
introduce new swelling strategies. The obtained carriers also exhibited
high mechanical and thermal stability (Egger et al., 2015). In another
study, PEG was employed as a stabilizer and added during the reaction
process, which resulted in the formation of MSNs having larger cavities
with high surface area (Ganguly et al., 2010). In addition, by changing
the molar composition of the medium, the arrangement of pores can be
changed to cubic (MCM-48) or hexagonal (MCM-41) type.

The ordering of mesostructures in the carriers is dependent on the
concentration of TEOS. Increased concentration of TEOS resulted in the
formation of a disordered structure of MSNs. However, a lesser con-
centration of TEOS will not be sufficient that help in the formation of
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regular mesoporous structures (Chiang et al., 2011). The concentration
of surfactant also significantly impacts the ordering of mesostructures.
Less concentration of CTAB resulted in poor micellar structures, while its
increased concentration may lead to the formation of a highly disor-
dered structure.

Pores size also has a great influence on the release kinetics of drugs.
Izquierdo et al. studied the release rate of erythromycin and ibuprofen
by observing pore sizes and demonstrated the decreased release rate of
the drug with a pore size of the matrix. They also observed a change in
the delivery profile of hydrophobic drugs with modification of surface
matrix (Izquierdo-Barba et al., 2005).

Further, different strategies were developed in order to change the
morphological characteristics of MSNs (small pore size, non-
uniformity). In this regard, research was conducted to synthesize
monodisperse nanocarriers of silica with dendritic morphology and
large porous structure. For this purpose, a partially fluorinated anionic
fluorocarbon surfactant (Capstone FS-66) was mixed with CTAB through
a sol-gel reaction. The increased concentration of Capstone FS-66
resulted in a larger particle size having a dendritic pore channel
(Huang et al., 2017). This strategy was also employed by Yu and his co-
workers. They designed MSNs using imidazolium ionic liquid with
Pluronic F-127 as particle growth inhibitor and co-surfactants of various
alkyl lengths and obtained dendritic MSNs with a particle size of < 200
nm (Yu et al., 2014).

4.3. Shape of MSNs

The MSNs shape plays an important role in the cellular uptake and
trafficking of MSNs into cells (Shao et al., 2017). Trewyn et al. showed
that tubular MSNs achieve more efficient uptake by normal and
cancerous cells than those of spherical shape. This suggests the impact of
different shapes on cellular uptake behavior (Trewyn et al., 2008).
Huang et al. reported the influence of particle shape on in vivo bio-
distribution of nanocarriers; by designing the fabrication of fluores-
cent MSNs of two different shapes. The distribution of MSNs in various
organs has a high influence on shape effects. Rods of shorter MSNs
showed more distribution in the liver, while rods of longer MSNs dis-
played more concentration in the spleen. Also, PEG modification on both
types of MSNs makes their distribution higher in the lungs (Huang et al.,
2011). Huang and his coworkers; also explained the relationship of
shapes of MSNs and the observed cellular responses. They developed
MSNs of the same chemical composition, surface charge, and diameter
but different aspect ratios and observed the effect of particle shapes of
three MSNs on cellular uptake studies. The results demonstrated
different internalization behavior exhibited by particles of different
shapes. Particles of larger aspect ratios demonstrated increased inter-
nalization in human melanoma cells (Huang et al., 2010).

The molar concentration of TEOS, surfactant, base catalyst, and
water affects the morphology of MSNs. Non-spherical MSNs can be of
cube shape, rod-like, ellipsoid, sheet or film-like materials. However,
spherical MSNs have more potential in drug delivery in comparison to
non-spherical MSNs. Zhang et al. studied the shape of MSNs on the de-
livery of Indomethacin. They prepared MSNs of various shapes by using
different concentrations of surfactants and alkyl alcohols as co-
surfactants. The result depicted different performances of MSNs due to
the presence of different shapes (Zhang et al., 2019). Cai et al. synthesize
MSNs of various shapes, including silica rods, oblate silica of nanometric
size, or in spherical shape by changing the concentration of CTAB, TEOS,
NH4OH/NaOH concentration (Cai et al., 2001). Another simple method
for the preparation of MSNs was developed by using dodecanol (C12-OH)
and CTAB as a soft templating agent. Six different shapes of MSNs were
synthesized with modulation of temperature and Cj2-OH with the
development of sphere-like, yolk-shell, hollow and peanut-like struc-
tures. The different morphologies were obtained through the use of
dodecanol as a soft templating agent (Han et al., 2013). So, changing the
micellar concentrations at initial levels may bring out changes in
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particles morphologies having different aspect ratio values. MSNs of
rod-shape act as counterparts of MSNs of spherical shape and can be
obtained through modulation of reaction parameters in a typical reac-
tion. By adding the co-solvents in a reaction, i.e., heptane, increasing the
concentration of catalyst or by the change of temperature, rod-shaped
MSNs can be obtained (Bjork et al., 2013; Pang et al., 2005).

Another important shape of MSNs that take part in drug delivery
includes ellipsoidal MSNs, but the major challenge associated with this
shape is its inability to retain this shape and convert it into a spherical
one in order to minimize the surface free energy. This kind of MSNs can
be generated by employing ethanol, co-surfactant, and potassium chlo-
ride (Shen et al., 2012). Highly porous MSNs of platelet-shaped are
designed by employing lower concentrations of heptane, ammonium
fluoride, non-ionic block co-polymer P-104, Pluronic 123, sodium
dodecyl sulfate, and CTAB (Bjork et al., 2013; Chen et al., 2004; Cui
et al., 2006). Certain organosilanes can also be used for the purpose of
shape transformation. The morphological characteristics mostly de-
pends upon the type and concentration of organoalkoxysilanes pre-
cursors. These morphological features of MSNs are generated due to the
presence of different bonding and interactions among the chemical
groups such as; hydrophobic interactions, hydrogen bonding, etc., be-
tween surfactant templates and organoalkoxysilanes (Huh et al., 2003).

5. Surface modification and functionalization of MSNs for drug
delivery

The premature release of drugs is a great challenge for the delivery of
drugs at the required site. Various modifications have been made on the
surfaces of MSNs for imparting desired properties which may include
controlling the drug release profile or improving the loading capacity of
the drug, together with reduction of toxicity profile in comparison to
free drug (Nik et al., 2020). Surface chemical modification in MSNs can
significantly increase the targeted delivery of drug with an increase
uptake in affected cells. Modification can be performed by attaching
different functional groups with characteristic features that alter the
environmental interface of nanocarriers, thereby controlling their un-
desirable biological fluids interactions. These functional groups include
amino groups containing polymers (polyethylene-glycol, dendrimers,
polyethyleneimine, phospholipids), thiols, organic phosphates, etc.
Chemical moieties can also be attached or adsorbed onto the external
surface of MSNs, especially to the surface of silica, by either covalent
linkage or electrostatic interactions. Positively charged moieties interact
with the negatively charged silica surfaces to impart desirable features
to the MSNs (Tarn et al., 2013). Modification can be made to their in-
ternal surface by grafting (post-synthesis functionalization) or co-
condensation (in-situ functionalization), enabling their wider use in
various applications. In comparison to the grafting modification, the
technique of co-condensation provides improved bonding properties
between the porous walls of MSNs with subsequent organic groups. This
results in the development of a more homogenous structure of organic
functional groups onto the porous structure of MSNs (Kobler et al.,
2008).

The presence of silanol groups in the structures of MSNs allows
greater modifications in order to make tremendous biomedical appli-
cations. Various modifications can be performed onto the hydroxyl
groups of MSNs that can be amine, hydroxyl, thiols or other organic
chain modifications. These modified surfaces perform an important role
in the release of a drug under particular physiological conditions and
control the release of the drug at particular stimuli. These modifications
also improve various agents loading capacity, particularly siRNA and
DNA, promoting targeted delivery of various cytotoxic agents (Natar-
ajan and Selvaraj, 2014). The first capped MSN, developed in 2003, was
coumarin-modified MSN, after which various MSNs were developed,
decorated by capping agents of diverse properties. These agents can be
proteins, polymeric supramolecules, or DNA fragments that respond to
specific internal or external stimuli to release loaded cargo/drug. As
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glutathione (GSH) concentration is remarkably higher inside the
cancerous cells (10 mM) as compared to extracellular matrix (2 um),
suggesting the presence of reduction potential for triggering drug release
(Wang et al., 2015). Reduction potential provides selectivity by the
splitation of disulfide bonding due to the presence of a large quantity of
thiol groups as compared to the normal cellular environment (Karimi
et al., 2016).

Capping of MSNs is mainly involved in two parts. In the first part, the
gating mechanism is provided by certain immobilized molecular stalks
that are covalently bonded to MSNs covering the pores of MSNs; while in
the second part, certain labile molecular groups are non-covalently
attached to the stalks. Alterations in the normal physiological condi-
tions results in the reversible alteration of mobile molecular binding,
resulting in the cleavage of weaker bonds between movable molecules
and stalk that uncaps the mesoporous structures of MSNs, provoking
drug release (Pan et al., 2012a, 2012b). Tremendous work has been
carried out in order to develop various materials that can be used as gate
keepers. About a decade ago, nanoparticles of certain inorganic mate-
rials such as FeO and CdS were used to cap the pores through the for-
mation of redox-sensitive disulfide bonds (Giri et al., 2005; Lai et al.,
2003). On the addition of a thiol-containing moiety dithiothreitol (DTT),
the disulfide bonds break their interaction with the nanoparticles while
releasing the encapsulated agents. After that, other gatekeepers were
introduced, such as synthetic polymers (Hong et al., 2008), cyclodextrin
or its supramolecular systems (Zhou et al., 2014), biomacromolecules
(Wen and Oh, 2014), inorganic nanoparticles (Liu et al., 2010), peptides
(Li et al., 2014), etc.

The cargo release from the MSNs carriers can be done through the
use of three approaches, as depicted in Fig. 3. Among which, first can be
achieved by coating the entire surface of particles (Zhang et al., 2015),
in the second approach, pores of MSNs can be sealed by employing
certain gatekeepers or molecular gates (Song and Yang, 2015), while the
third approach utilizes the coupling of drug cargo with the internal walls
of the porous structure (Moreira et al., 2016). All of these approaches
will, in turn, undergo any of the two responses, i.e., conformational
destruction or any change of the gate keeper covering the pores or the
cleavage of the pore covering agent upon required stimulus (Moreira
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et al., 2016; Peng et al., 2013). In this respect, various approaches have
been developed in order to control the release of a drug; that may
include applications of different polymeric combinations that may form
firm bonds covalently or either form surface adsorption onto the cargo.
The carriers releases the drug upon exposure to either external or in-
ternal stimuli by either uncoiling or swelling (Corbalan et al., 2012a).

Different groups used in the functionalization of MSNs are discussed
below.

5.1. Chitosan

MSNs can be modified by using various materials that may act as a
gate keeper such as polysaccharides, polymers, or biomolecules to
obtain targeted drug release under the influence of specific stimuli.
Polysaccharides have gained immense importance to be used as gate
keepers due to a variety of attractive features (Wen and Oh, 2014).
Among these polysaccharides, Chitosan is one of the remarkable poly-
mer, that has been extensively utilized as gate keeping agent for MSNs.
Chitosan, a linear polysaccharide having basic properties, is widely used
as a capping agent for MSNs due to its higher biocompatibility and
biodegradability (Qindeel et al., 2019). Moreover, the molecular weight
and degree of deacetylation of chitosan also greatly affect its properties
and functionalities. The molecular weight of chitosan generally ranges
from 10000 and 1 million Dalton, with a degree of deacetylation
extending from 50 -95 %. As most of the polymer applications are
mainly attributed to its properties based on protonation of amine groups
molecules in the acidic medium. This protonation degree or pKa is
dependent on molecular weight of the polymer and ultimately affect the
particle size and release properties of drugs. Increase in the molecular
weight of polymer permits faster release of drug (Fernandez-Pan et al.,
2015; Safdar et al., 2019). Cui et al. proposed the development of unique
charge reversal MSNs through hybrid technology by using negatively
charged carboxymethyl chitosan and positively charged chitosan. This
charge reversal chitosan/carboxymethyl chitosan is designed as a pH
stimuli-responsive trigger through the effect of protonation and depro-
tonation of respective polymer layers. This kind of surface charge
reversal improves the delivery and retention time of Doxorubicin for the
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Fig. 3. Strategies utilized for the creation of stimuli-responsive MSNs and their release mechanism.
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efficient treatment of breast cancer. He also demonstrated the effect of
the molecular weight of chitosan on the particle size of nanocarriers.
Increased particle size was observed with a molecular weight of 1000
kDa than with a molecular weight of 200 kDa (Cui et al., 2019). The
deacetylation degree of chitosan also affects its properties related to
cross-linking, solubility, degradation behavior, and release characteris-
tics. The increased value of polymer’s deacetylation degree decreases its
crystallinity with increased degradation rate and higher release profile
(Safdar et al., 2019).

Different studies reported the capping of MSNs with chitosan
through the attachment of functional groups for targeting the drug at the
required site by making it responsive to specific stimuli. Among these,
the changing pH is extensively studied on account of the fact that most
tumors have an acidic microenvironment. Therefore, chitosan is mostly
studied as capping material for MSNs as a pH-responsive gatekeeper.
Chitosan-capped MSNs can be activated by an environment of acidic pH
and degraded under the action of lysozymes (enzymes of the immune
system). As, the amino groups of chitosan became activated in acidic pH
and converted into their cationic form, thereby acting as a positively
charged polyelectrolyte. Zeiderman et al. designed gold nanorods that
were coated with MSNs capped with chitosan for targeted delivery to
pancreatic tumors. The pH-sensitive variant was attached with the chi-
tosan to deliver the carriers specifically at the acidic environment of
tumors. The encapsulated drug gemcitabine displayed a greater cyto-
toxic effect when delivered through these carriers than free drugs (Zei-
derman et al., 2016).

Chitosan being a cationic polymer, also improves the loading of
genes and related molecules. Lin et al. reported the co-delivery of
Doxorubicin and p53 gene through MSNs modified with dendronized
chitosan that acts as a ‘gate keeping agent’ for the achievement of
combination therapy with zero premature drug release. The drug was
released from the carriers upon activation of a polymer through redox
stimulus in the presence of GSH. Stimulus-induced release of the doxo-
rubicin was reported with efficient gene delivery having increased
expression of p-53 proteins in Hela cell culture (Lin et al., 2017).

The polymer also allows grafting of other active ligands for the
design of site-specific targeted delivery. Yan et el. developed safe and
biodegradable hollow MSNs by capping chitosan polymer on its outer
surface that was further linked with glycidoxypropyl-tri-methoxy-silane
(GPTMS) through siloxy bonding. Further targeting properties were
provided by the folic acid attachment that allows the encapsulated
agents, Doxorubicin and Pheophorbide (photosensitizer), to be available
at the tumor site. The results demonstrated very efficient antitumor
activity through the design of efficient delivery carriers (Yan et al.,
2020). Shakeran et al. developed biodegradable MSNs by their modifi-
cation with 3-triethoxysilylpropylamine (APTES) followed by chitosan
modification through glutaraldehyde. This helps to increase the loading
capacity of Methotrexate with more efficient uptake as an anti-cancer
agent for the treatment of breast cancer (Shakeran et al., 2021).

Functionalization of MSNs through Chitosan is advantageous in
terms of its natural origin, increase biocompatibility, and biodegrad-
ability with non-toxic profile, which imparts useful characteristics to
MSNs in terms of biocompatibility and degradation. Also, the carrier is
present with innate properties of anti-inflammatory, anti-bacterial, and
mucoadhesive characteristics. Thus it is utilized in different biomedical
fields in terms of targeting potential, anti-inflammatory, and wound
healing properties (Jhaveri et al., 2021). However, the polymer is
associated with a poor solubility profile at physiological pH and can only
be dissolved at acidic pH. Moreover, the amino groups of the polymer
become protonated at intestinal or basic pH and can be activated in the
bloodstream through different enzymes (Heidari et al., 2021).

5.2. Multifunctional polymers

Various polysaccharides can be employed as gatekeepers due to the
presence of their tunable surface, ease of synthesis, low toxicity profile,
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abundance in nature, and excellent biocompatibility. In this kind of
approach, multiple layers of the polymers can be capped on the surface
of MSNs for the implementation of the desired properties. These
multilayered capping strategies are biocompatible and also allow func-
tionalization to the MSNs surface.

Through the development of the stimuli-responsive system, the
carriers prevent the release of cargo at the off-target site, as at higher pH
values, the polymer remains present in a deprotonated state or in hy-
drophobic form causing a collapse of polymer onto the surface of silica.
After their entry into endosomes or at acidic pH, the drug-loaded in the
MSNs got released by switching the carriers into an open state. In a
recent study, MSNs were constructed by utilizing the multiple layers of
chitosan and alginate through a layer by layer technique for developing
the pH-sensitive nanocargoes. Alginate is a polysaccharide of acidic
properties that, when combined with the basic chitosan, provides
multilayered coatings to the structure of MSNs. These kinds of MSNs
displayed excellent bioavailability with low cytotoxicity and hemolytic
activity compared to bare MSNs with the provision of the pH-dependent
release of cytotoxic drug ‘Doxorubicin’ at the tumor site (Yang et al.,
2010). In recent work, 5-fluorouracil was encapsulated in MSNs, and
capping was done with the glucuronic acid-chitosan layers, for its de-
livery to the colorectal tumor environment. The drug was delivered to
the targeted area by employing the strategy of the acidic tumor micro-
environment, together with overexpression of lectin receptors. These
lectins are proteinous in nature and bound specifically with the glyco-
proteins promoting active targeting of a drug (Narayan et al., 2021).
Niedermayer et al. demonstrated multifunctional polymer capped MSNs
for targeted delivery to cancer cells, in which a highly stable sequential
attachment of specified functionalities to the surface of MSNs was pre-
sented. Through this approach, they developed multifunctional delivery
carriers, having higher loading capacity through the presence of meso-
porous silica core capped with poly-2-vinylpyridine (pH-responsive
polymer). The bi-functional polymer was also functionalized with other
groups, like PEG (for increasing permeation, retention and circulation
time), additional endosomal opening groups (for release of drug in
endosomal region), and targeting ligands.

In addition to pH, the introduction of photosensitizer polymer and
magnetic nanocarriers were also developed. So, by developing this kind
of multifunctional carriers, improved targeting was achieved through
cellular uptake at acidic pH, photoactivation, or applying a magnetic
field (Niedermayer et al., 2015). Hegazy et al. designed polymeric MSNs
by modification with disulfide bonding and photoresponsive polymer,
poly (2-nitrobenzyl acrylate) loaded with ibuprofen. Upon treatment
with ultraviolet light, o-nitrobenzyl ester cleavage in the polymeric
chains releases the loaded drug in a controlled manner (Hegazy et al.,
2019). In another study, Zhang et al. developed polymeric MSNs that
release the encapsulated drug upon the influence of triple stimuli of
light, pH, and reducing agent (Zhang et al., 2015). The MSNs were
modified with a capping of poly (2-(diethylamino) ethyl methacrylate,
which is sensitive to pH and contains cleavable disulfide bonds and o-
nitrobenzyl ester that is cleavable to light. The nanocarriers encapsulate
Doxorubicin, demonstrating efficient cytotoxicity against HeLa cells,
presented promising potential for cancer treatment (Zhang et al., 2015).
Guisasola et al. developed iron oxide magnetic responsive MSNs and
coated them with thermoresponsive polymer. Upon application of
alternating magnetic field, these magnetic nanocarriers behave as an
internal source of heat, increasing the surrounding temperature of a
cancerous area with the release of the entrapped drug. This kind of
synergic action provides huge tumor treatment innovation (Guisasola
et al., 2018).

Functionalizing MSNs with different polymeric agents helps design a
more advanced nanocomplex, combining advantages of different poly-
mers. Polycationic complexes with MSNs are more advantageous and
versatile with promising biological applications. Alginate, an acidic
polysaccharide that combines with the basic chitosan through multi-
layered coatings, provides increased protection to the loaded cargoes. In
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this way, this kind of polymeric system is not only advantageous to in-
crease the biocompatibility of the polymer but is also helpful in effective
functionalization with a more shielding effect (Feng et al., 2014). The
layering of different polymers on the surface of MSNs helps provide
enhanced biomedical activities, i.e., a study demonstrated enhanced
anti-cancerous activity after surface decoration of MSN with PEG and
PEI than a single layer of chitosan (You et al., 2015). However, by
implementing this strategy, the particle size and the release character-
istics of the carrier can be altered. A detailed study should be performed
to evaluate the in vivo fate of these carriers.

5.3. Dextrin

Dextrin is another low molecular weight starch derivative and has
been widely used for the capping of MSNs surfaces. It is commonly used
as a gate capping agent for the design of pH-sensitive MSNs with more
water solubility. In recent years, various strategies have been developed
for the design of dextrin capped MSNs. Research conducted by Chen
et al. developed MSNs loaded with doxorubicin hydrochloride and
capped them with dextrin. Afterward, dextrin was oxidized to obtain
dextrin dialdehyde for its coupling with tetraethylenepentamine (pH
sensitive Schiff’s base) for ‘closing the gate’ to avoid the premature
release of a drug. The aldehyde groups in the dextrin dialdehyde form
cross-linking with the Schiff’s base produced from tetraethylenepent-
amine to ‘close the gate.” In this way, the modified dextrin capping of
MSNs acts as a gatekeeper for the control of the release of drugs,
particularly at the acidic tumor microenvironment, by acting as a pH-
sensitive delivery system. Under a normal physiological environment,
Schiff’s base will remain stable, avoiding the premature release of a
drug, while at low pH of tumor region (5-6.8), the Schiff’s base will be
hydrolyzed, allowing slow diffusion of the drug illustrating its controlled
release behavior (Chen et al., 2016).

Dextrin-coated MSNs sensitive to glutathione and internal enzymes
were also fabricated for targeted delivery in tumor cells. Chen et al.
developed an on-demand drug delivery system by developing stimuli-
responsive MSNs that were end-capped with dialdehyde dextrin that
acts as a gate keeper for sealing the drug inside the pores of MSNs. The
polymer is further interlinked with GSH sensitive disulfide bonds. The
polymer tightly capped the surface of MSNs and responded only under
acidic or GSH conditions for the release of the entrapped drug. These
Dextrin-modified dual responsive MSN carriers behave as promising
nanocarriers for the release of on-demand drug delivery (Chen et al.,
2018b). Another research reported that the capping of organic silica
nanocarriers with dialdehyde dextrin through Schiff base bonding re-
leases the drug upon stimulation of acidic pH and redox potential (Li
et al., 2020). Graphene oxide nanocarriers were also conjugated with
dextrin, which was stimulated by a-amylase enzyme and released drug
at the tumor site having higher permeability through the endothelial
barrier with better penetration profile (Kiew et al., 2017).

Other starch derivatives of hydrolyzed form, i.e., Glucidex 29, Glu-
cidex 37, Glucidex, and 47, are also used for capping purposes having
different concentrations of maltose and glucose. These were also
degraded by enzymatic action for uncapping the surface of MSNs.

The advantage of dextrin functionalization helps to impart greater
bio-compatibility and bio-degradability to the MSNs nanocarriers.
Moreover, the polymer is also of lower molecular weight and can be
utilized as a superior capping agent for the release of targeted drug
delivery. However, the disadvantage associated with the polymers is
their low stability profile (Kagami et al., 2003).

5.4. Hyaluronic acid

In 1934, a chemical substance from bovine eyes containing two sugar
molecules was isolated by Karl Meyer and John Palmer and was termed
as ‘hyaluronic acid’ due to the presence of uronic acid (one sugar
molecule) and its isolation from hyaloid (vitreous body) of bovine eyes
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(Meyer and Palmer, 1934). Further research demonstrated that the
molecule is composed of non-sulfated glycosaminoglycan (poly-
saccharide composed of monomers of N-acetyl-D-glucosamine mole-
cules joined together by -1, 3, and -1, 4 glycosidic linkages. It is
considered as one of the vital biopolymers playing an important role in a
number of physiological activities.

The polymer is negatively charged, having non-immunogenicity,
increased biodegradability, and biocompatibility. Moreover, its
increasing ability to target a variety of chemical receptors like CD-44
(Cluster of Differentiation 44), CD-168 (Cluster of Differentiation 168,
playing a role in wound healing), RHAMM (receptor for hyaluronan
mediated motility), Toll-like receptors, HARE (HA receptor for endo-
cytosis) plays an important function in cellular internalization of
nanocarriers at the targeted site. Moreover, the polymer degrades by the
action of hyaluronidase-1 (lysosomal enzyme) into fragments of lower
molecular weight.

The enveloping of hyaluronic acid to the surface of MSNs help them
to act not only as the capping agent but also as a targeting agent to the
targeted site. Massive research has been carried out to target hyaluronic
acid capped MSNs at the diseased site with increased expression of its
receptors (Chen et al., 2013b). Zhou et al. developed hollow MSNs and
functionalized them with dopamine-modified hyaluronic acid, which
acts both as a gate keeper and a targeting agent. The system delivered
the encapsulated drug ‘Doxorubicin hydrochloride’ together with the
fluorescent dye ‘indocyanine green’ to the cancerous region. The
developed system releases the enveloped agents at the targeted site by
acting as a pH-sensitive system (Zhou et al., 2021). Chen et al. fabricated
hybrid MSNs by capping with hyaluronic acid through hydrazine bonds.
The system releases the drug in response to acidic pH with enhanced
targeting towards CD-44 expressed cells in Hela cells. The developed
carriers displayed enhanced release of Doxorubicin in response to acidic
pH, demonstrating effective treatment against cancer cells (Chen et al.,
2018a).

Nairi et al. demonstrated the effect of chain length of hyaluronic acid
on cellular internalization to achieve targeted drug delivery. For this
purpose, they functionalized MSNs first with amino acids and then with
hyaluronic acid of various molecular weights for targeting cancer cells
(Nairi et al., 2018). A study was also conducted in which hydrophobic
drug camptothecin was loaded in MSNs capped with hyaluronic acid for
the treatment of cancer with enhanced cytotoxicity (Ma et al., 2012). A
study was also conducted to target drugs through hyaluronic acid cap-
ped MSNs to treat human colon cancer by demonstrating their effective
cytotoxicity against HCT-116 cell lines (Yu et al., 2013). Gary-Bobo et al.
developed MSNs capped with a layer of poly-(L-lysine) together with
hyaluronic acid through layer by layer technique for the treatment of
colorectal cancerous cells. Polyelectrolyte multilayered system was
developed by electrostatic interactions of oppositely charged poly-
electrolytes consisting of positively charged poly (L-lysine) and nega-
tively charged hyaluronic acid. These functionalized MSNs were
targeted to the colorectal cancer cells having CD-44 overexpression,
which is mainly involved in cancer progression with tumor angiogenesis
(Gary-Bobo et al., 2012). Similarly, redox responsive drug delivery was
developed based on hyaluronic acid capped MSNs, in which drug (6-
mercaptopurine) was released in the presence of GSH (Zhao et al.,
2014).

The advantage of functionalization of MSNs with hyaluronic acid
resulted in the formation of MSNs with high bio-degradability and
biocompatibility. Moreover, a study reported the effect of different
chains of hyaluronic acid on MSN properties. The smaller diameter of
particles was obtained with a high molecular weight of hyaluronic acid,
with efficient internalization through the process of endocytosis. This is
due to the multipoint attachment of longer hyaluronic acid chains and
its entanglement on the MSN surface, which produces particles of
smaller size (Chen et al., 2018a). However, the technique requires
extensive in vivo studies for the determination of bio-distribution and
fate of MSNs.
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5.5. Amino groups

Functionalization with amino groups can be done on the matrices of
MSNs for the control of drug interaction with the matrix surface that
further controls its release rate. Amino-tagged MSNs were developed
especially for the better interaction of siRNA. The MSNs shell having a
negative charge is being functionalized with the positively charged
blocks of amino acid for the development of a highly efficient delivery
system.

This method was utilized for modification of MCM-41 nanocarriers
encapsulated with enrofloxacin hydrochloride by the grafting of amine
carriers to inner channels while thiol groups were introduced onto the
outer surface of MSNs through a stepwise approach. Introduction of -SH
and -NH; groups form bonding with negatively charged carboxyl groups
avoiding the premature drug release. Moreover, attachment of -NH,
functional group promotes increased attachment of ibuprofen on MSNs
facilitating sustained drug release and better relaxivity in MRI (Carniato
et al., 2015). However, little control over final functional groups local-
ization brings random distribution of functionalized groups on the sur-
face of MSN (Linares et al.,, 2011). He et al. developed amino-
functionalized MSNs by post grafting method for Doxorubicin de-
livery. Amino functionalized MSNs resulted in increased loading of drug
and releases drug at acidic pH. Doxorubicin-loaded amino-functional-
ized MSNs displayed efficient cytotoxic potential against non-small cell
lung cancerous cells (He et al., 2017). Geng et al. developed amino-
functionalized MSNs for delivery of GLP-1AR (Glucagon-like peptide)
and FGF-21 (Fibroblast growth factor 21) plasmids for treatment of
Diabetes mellitus type 2. Liraglutide is a glucagon-like agonist of
peptide-1 receptors, and FGF-21 helps to treat insulin resistance and
glucose metabolism. The developed amino-functionalized MSNs car-
rying both FGF-21 and liraglutide for transfection of Hepa 1-6 cells
(Geng et al., 2021). Similarly, co-functionalization of MSNs by chelating
it with gadolinium (Gd-DOTA) and amino groups provides better
contrast for MRI by binding of amine groups with the terminal carbox-
ylic moieties on gadolinium chelate (Carniato et al., 2015).

Amino functionalized MSNs are also used for improving the release
profile of poorly water-soluble drugs. Wang et al. synthesized chiral
MSNs and functionalized them with an amino group for enhancing the
release profile of poorly water-soluble drug Indomethacin. The resultant
2-D hexagonal carriers with curled channels differed in morphological
features from other 2D hexagonal MSNs with straight channels. After
loading a drug through hydrogen bonding into silica carriers, the crys-
talline drug was converted into an amorphous form with improved drug
dissolution. These chiral curvature channels hold more drugs in com-
parison to straight channels carriers. The loaded carriers displayed fast
drug release with an improved dissolution profile (Wang et al., 2019).

The amino-functionalized MSNs are more frequently utilized for
siRNA delivery. The MSN shell having a negative charge is normally
functionalized with the cationic co-polymer with the production of an
advanced capped system, having an efficient binding ability. The system
helps in the delivery of loaded cargo at the targeted site by uncapping
through an endosomal pathway. The presence of multi-amine moieties
enhances the affinities of siRNA with the particles. The main disad-
vantage of this method is the hindrance of the release of siRNA in the
cytoplasm due to the formation of strong polyplexes, which ultimately
decreases the efficacy of siRNA, also called ‘vector unpacking.” The
second main disadvantage of this method is polycation cytotoxicity,
raising the concern about the nanocarrier’s toxicity (Hartono et al.,
2014).

5.6. Nucleic acids

Nucleic acids are recognized as one of the most attractive building
molecules due to their specific sequence, polymorphic conformation,
and versatile physicochemical attributes. Due to their universal prop-
erties, DNA molecules are designed to fabricate stimuli-responsive MSNs
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with intelligent and on-demand delivery of the required therapeutic
agent. Researchers developed various strategies for achieving targeted
delivery using DNA molecules by complexing DNA molecules with
agents that act as gatekeepers and release drugs at the target site in
response to the specific stimuli as depicted in Fig. 4 (Li et al., 2011).

Controlled mechanisms for the release of encapsulated agents can be
made by utilizing the principle of complex binding of metal ions, ie.,
silver or mercury with thymine and cytosine residues of DNA complexes.
Functionalization of the pores of MSNs with DNA molecules is being
made that are rich in cytosine and are further complexed by the binding
of the Ag™ ions that closes the outlet and acts as an intelligent molecule
gated switch by forming a complex of C-Ag-C. The porous opening is
controlled by the competitive reaction by the molecules that displaces
the complex of C-Ag-C and converts it into the single-stranded molecule
of DNA. This deformation of the DNA complex resulted in the presence
of certain thiol molecules that resulted in the opening of the porous
structure with site-specific release of the encapsulated drug molecule.
So, the reversible opening and closing of the porous structures depend
on the external concentrations of Ag linkers and the molecules con-
taining thiol groups (He et al., 2012).

The development of highly selective MSNs carriers that are sensitive
to GSH concentration has been developed; by employing thymine-rich
DNA molecules coordinated with mercury (Hg") ions. Hg" ions form
stronger interaction with the thymine bases resulting in the formation of
a complex of T-Hg"-T. Upon the detection of specific target GSH, this
complex undergoes deformation into single-stranded DNA, with the
release of active molecules of methylene blue (Wang et al., 2017b).
Another study reported that DNA molecule acts as a very responsive
stimuli for delivery of active moiety (Rhodamine) by employing quad-
ruplex DNA with stretches of Cytosine base and act as gate keeper onto
the pores of MSNs. It undergoes conformational changes upon a change
of pH, providing unique property to function as a gate coupling agent.
Under acidic conditions, the cytosine bases will remain present in their
protonated form with the perseverance of closed DNA folds in a quad-
ruplex form, while an increase in pH results in the deprotonation of the
C+ residues, resulting in the unfolding of DNA structure to single-
stranded form. This leads to the release of entrapped moiety into the
surrounding area through the inter-conversional opening and closing of
the pores upon a change in the pH (Chen et al., 2011a).

Similarly, DNA-controlled molecular gate was also developed by
attachment of DNA to the outer pores of MSNs carriers that were further
operated by the melting of its strands upon certain temperature with the
release of entrapped agent (Schlossbauer et al., 2010). Another study
described the DNA-modified hollow MSNs for the treatment of cancer
based on chemo-photothermal therapy (Hai et al., 2018). Researchers
also reported the development of DNA functionalized MSNs carriers that
release the cytotoxic agent upon exposure to visible light. In this context,
MSNs based on Ruthenium polypyridyl complexed DNA were developed
for the release of cytotoxic moieties including docetaxel and paclitaxel.
This hybrid complex of ruthenium cleaved only under the exposure of
visible light, releasing active moiety at the targeted site and present as a
promising system that can be selectively used for the treatment of breast
cancer (Frasconi et al., 2013).

Another study reported that DNA grafted MSNs that are sensitive to
increasing the concentration of ATP, particularly in the tumor

DNA molecules

L 7~
-’

® Drug molecule

-’

Fig. 4. Stimuli-responsive DNA gated release of drug from MSNs.



B. Siddiqui et al.

microenvironment. MSNs were modified with ATP and amine-modified
aptamers of mucine that were covalently anchored onto the surface of
MSNs. ATP aptamers were immobilized on MSNs surface with hybridi-
zation of mucine aptamer and resulting in the formation of a Y-shaped
structure of DNA, acting as a gatekeeper on the surface of MSNs. The
developed DNA grafted MSN carrier displayed an efficient loading ca-
pacity of Doxorubicin and released it at the tumor environment, where
the concentration of ATP is high (10mM). This strategy displayed that
the release of the drug occurs in the tumor region without its leakage at
any undesired area or in the systemic circulation, where the concen-
tration of ATP is less (1uM), and avoiding systemic toxicity of the
cytotoxic drug (Bagheri et al., 2021). In this way, modification of MSNs
with DNA by utilizing various approaches provides new insights for the
treatment of a wide variety of dreadful diseases.

Functionalization of MSNs with nucleic acid helps in more precise
manipulation of nanocarriers with the opportunity to develop MSNs in
larger quantities. This allows the MSNs to combine with the nucleic
acids with the development of a unique and more precise nanostructure,
which removes only under the influence of specific stimulus. However,
the method requires the determination of more sequences of reactions to
identify specific interactions and binding properties of these agents with
MSNs (Xu et al., 2021). General scheme of stimuli-responsive DNA gated
release of drug from MSNs is shown in Fig. 4.

Surface modification of MSNs in response to specific stimuli are
given in Table 2.

6. Mesoporous silica nanoparticles (MSNs) for co-delivery of
nucleic acids and small-molecular drugs for cancer therapy

The use of nanocarriers for co-delivery of desirable gene/drug to the
disease site is an attractive strategy for clinical therapy (Chen et al.,
2017b; Shi et al., 2017). MSNs can also be utilized as a promising carrier
for the transfection of genes besides conventional delivery of active
agents. As naked genetic material is associated with poor penetration
properties, these agents play a great role in the delivery of genetic ma-
terial. Genetic delivery can be through viral or non-viral means. The
viral genetic delivery system is a more efficient system in terms of
various safety measures, such as non-specificity, gene recombination,
and immunogenicity (Zhou et al., 2018b). Different cationic carriers,
inorganic or organic molecules, and recombinant proteins have been
served as vital carriers for the delivery of genetic carriers. Among
various nanocarriers, liposomal agents displayed great attention to
providing efficient transfection of genes but associated with greater
instability. The inorganic nanocarriers displayed a greater advantage in
terms of physicochemical stability, easy preparation, and surface func-
tionalization. In this way, MSNs showed attractive features for gene
delivery with efficient cellular uptake and enhanced transfection effi-
ciency (Kesse et al., 2019). However, MSNS carry negative charge on
their surfaces mainly due to the ionization of silanol groups, which ul-
timately reduces their binding efficiency to the molecules with negative
surface charges such as DNA. In this way, modification is being made to
the surface of MSNs with net positive charge through techniques such as
functionalization with a cationic polymer, co-delivery of cationic
metals, and through amination modification. These modifications bring
out greater interactions of these MSNs with the negatively charged
nucleic material. Stimuli responsive gene delivery for cancer therapy

Modification through amidation is one of the simplest and most
common techniques for loading the genetic material in MSNs, in which
aminopropyl trimethoxy silane (APTMS) and aminopropyltriethoxy
silane (APTES) are commonly employed for modification. Studies also
demonstrated increased adsorption efficiency of plasmid DNA with
increasing amination degree. Modification of MSNs surface can also be
modified with metal cations for facilitation of gene delivery. Metal
counter ions such as Mg*2, Na* or Ca*? demonstrated efficient affinity
with genetic material. Moreover, cationic polymers such as poly-L-
lysine, polyethyleneimine, poly-L-arginine, and polyamidoamine can
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bind effectively to the negatively charged nucleic acid. Yu et al. devel-
oped MSNs modified with poly-dimethylamino ethyl acrylate as an
efficient nanocarrier for gene delivery. The polymer degrades in water to
poly-acrylic acid, depicting controlled siRNA delivery (Hartono et al.,
2014; Lin et al., 2014). Studies by Zhou and colleagues demonstrated an
innovative approach for nucleic acids delivery into cancer cells, which
enhanced the transfection efficiency. Their experiments revealed that
encapsulation of Nucleic acids (pDNA siRNA) via ammonium salt (A)
modified conical pores MSNs (CMSN-A) enabled intracellular trafficking
enhanced gene transfection with the efficient release of cargos. The
authors suggest this is due to the presence of increased positive charges
of ammonium salts present in CMSN, which lead to an increase the gene
loading capacity, gene binding stability and cellular uptake efficiency.
This system was able to deliver the cargo at the site of action due to
acidic pH and redox potential (Zhou et al., 2020).

MSNs have in general small porous diameter (< 3 nm), due to which
most of the plasmids and genes were being adsorbed on the surface of
MSNs instead of being encapsulated. Also, the adsorbed genes can be
degraded by the action of several enzymes such as lysosomes and nu-
cleases. Therefore, the need of a suitable modification is desired in
which MSNs can encapsulate the drug in their pores (Hartono et al.,
2012; Wu et al., 2015). For this purpose, MSN carriers with large porous
diameters have been prepared by use of pore expanding agents such as 1,
3, 5 trimethylbenzene (Hao et al., 2021). This type of nanocarriers dis-
plays increased transfection efficiency with enhanced protection from
the cellular environment. Kim et al. demonstrated delivery of chloro-
quine with plasmid DNA after modification of phosphonated MSNs
having ultra-large pore size with polyethyleneimine of different mo-
lecular weights. The increased transfection efficiency of these MSNs was
examined through green fluorescent protein (Kim et al., 2011). After
efficient loading of the genetic material, the carriers respond to specific
stimuli for the release of encapsulated genetic material. A recent study
reported the release of plasmid DNA from MSNs microbubbles for effi-
cient cancer therapy (Du et al., 2020).

In order to enhance the MSN’s biocompatibility, bio-distribution,
accumulation, binding affinity, and cellular uptake at the tumor site,
widely explored strategies have been developed. Mickler et al. targeted
epidermal growth factor receptor (EGFR), a protein commonly
expressed on tumor cells, by decorated MSNs with natural EGF or arti-
ficial EGFR-binding peptide (GE11). The authors were able to success-
fully prove that this complex effectively accelerates MSNs endocytosis
by tumor cells due to ligand-receptor binding. Folate receptor (FR), a
glycosylphosphatidylinositol (GPI)-anchored membrane protein, over-
expressed in tumor cells and is an attractive target for drug delivery.
Lopez et al. (Lopez et al., 2017) developed an asymmetrically decorated
MSN particle with targeting moieties [folic acid (FA) and Triphenyl-
phosphine (TPP)]. The authors demonstrated successful MSN particle
accumulation inside tumor cells and binding to mitochondria membrane
by the action of FA and TPP moieties, respectively (Mickler et al., 2012).
Babaei et al. developed PEGylated road-shaped MSNs as a nanocarrier
for the co-delivery of an anticancer drug (camptothecin) and surviving
shRNA-expressing plasmid (iSur-DNA) to colorectal cancer. Moreover,
these MSNs were tagged with AS1411 aptamer, which has high affinity
and specificity to nucleolin protein, facilitating increased drug uptake
into the nucleolin positive colorectal cancer cells and suppressing tumor
growth (Babaei et al., 2020). Wanger et al. demonstrated MSNs loaded
anticancer immune-stimulant R-848 (resiquimod), which were rapidly
taken up by specialized antigen-presenting cells (APCs), with potent
activation of the dendritic immune cells (DCs) (Wagner et al., 2021).
This suggests that MSNs hold significant potential as a carrier for cancer
vaccine delivery. General scheme for stimuli responsive gene delivery
for cancer therapy is shown in Fig. 5.

In Table 3, various molecules decorated on MSNs surface that are
able to interact selectively with specific membrane receptors overex-
pressed in tumor cells are shown.



B. Siddiqui et al.

Table 2
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Surface modification of MSNs based stimuli-responsive controlled release system of various drugs.

Chemical modification/functionalization of
MSNs

Drug loaded in MSNs

Active stimulus

Effect of functionalization

References

Chemical modification of MSNs with Pegylated
poly amino acid

Chemical modification of MSNs with Calcium

Chemical modification of MSNs with gold
nanoparticles- biotin complexes

Chemical modification of MSNs with
quadruplex DNA with stretches of the
Cytosine base

Chemical modification of MSNs with poly
(amidoamine) dendrimer (PAMAM)

Chemical modification of MSNs with
cytochrome C and aptamer

Phosphonated MSNs

Chemical modification of MSNs with DNA
molecules

Chemical modification of MSNs with Thymine
rich DNA molecules coordinated with
mercury (Hg+) ions

MSNs modified with amino groups

MSNs Ruthenium polypyridyl complexed DNA
MSNs modified with the amino group

MSNs capped with gold nanoparticles and
linked with short single-stranded DNA as
gatekeeping agent

MSNs modified with an amino group

MSNs modified with ruthenium complexes
Y-Shaped DNA grafted MSNs

Chemical modification of MSNs with Dextrin
coupled with Schiff’s base

Chemical modification of MSNs with gold
nanoparticles

Carboxyl functionalized MSNs capped with
cerium oxide nanoparticles

Chemical modification of MSNs with dextrin

Chemical modification of MSNs with peptide-
based amphiphile

Chemical modification of MSNs with gelatin

Chemical modification of MSNs with Cytosine
rich DNA complexed with Ag+ ions

Chemical modification of MSNs with gelatin

Multifunctional polymer capped MSNs
(Chitosan and alginate)

Chitosan capped MSNs linked with
glycidoxypropyl-tri-methoxy-silane

MSNs modified with dendronized chitosan

Gold nanorods coated with MSNs capped with
chitosan attached with pH-sensitive variant
7

MSNs coated with chitosan

MSNs modification with 3-triethoxysilylpro-
pylamine (APTES) followed by chitosan
modification

MSNs modification with dextrin dialdehyde

Charge reversal MSNs modified by using
carboxymethyl/chitosan

MSNs modification with Fe304 nanoparticles

MSNs modification with dopamine modified
hyaluronic acid

Celastrol

siRNA, Chloroquine
Doxorubicin

Rhodamine

Doxorubicin
Doxorubicin
Ruthenium complexes
Fluorescein
Methylene blue
Octahedral
Organoruthenim
complex

Docetaxel, Paclitaxel
Doxorubicin
Doxorubicin
Liraglutide, Fibroblast
growth factor 21
Safranin O
Doxorubicin
Doxorubicin

hydrochloride

Doxorubicin
Doxorubicin
Doxorubicin

Doxorubicin

Doxorubicin

Doxorubicin
hydrochloride
Doxorubicin and
Pheophorbide
Doxorubicin and P-53
gene

Gemcitabine

Raloxifene
hydrochloride
Methotrexate

Doxorubicin
Doxorubicin

Camptothecin
Doxorubicin

5-Fluorouracil

pH

pH
Enzyme

pH

pH
Redox
potential
Hypoxic
condition

Temperature

Redox
potential

pH

Light
pH

Laser
stimulation, pH

Light
ATP

pH
Redox
potential
pH
Enzyme
Redox
potential
pH

Thiol groups
Enzyme
pH

pH
Redox
potential
pH

pH

pH

pH
pH

Magnetic field
pH

pH
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Targeted drug delivery to solid cancer by the release of drug
at acidic pH, targeted delivery of drug to mitochondria
Targeted drug delivery to ovarian cancer cells at acidic pH
Cytotoxic potential against cells highly expressed with
matrix metalloproteinase enzyme

Targeted delivery to cancer cells having acidic pH

Increase mucoadhesive properties for bladder cancer
therapy, Targeted delivery to cancer cells having acidic pH
Targeted delivery to a liver tumor (HCT-116 cell lines)
having increased GSH concentration

Detection and quantification of molecular oxygen with
targeted release at a reduced oxygen concentration
Targeted drug delivery upon increased temperature

Stimuli-responsive effect of changing in GSH concentration

Efficient cytotoxic potential against glioblastoma cells
having acidic pH, anti-cancerous activity

Stimuli-responsive effect to light for the treatment of breast
cancer, drug release on application to light

Efficient cytotoxic potential against non-small cell lung
cancer cells having acidic pH

Stimuli-responsive effect upon acidic pH and laser stimuli,
for treatment of cancer

Diabetes mellitus type 2
Photochemical drug delivery system
Stimuli-responsive effect to ATP for treatment of cancer

Stimuli-responsive effect to acidic pH for treatment of
cancer

Anti-cancerous activity having increase GSH concentration,
by A-549 cells

Targeted delivery to Hela cells at acidic pH

Anti-cancerous activity with increased penetration having
increased concentration of a-amylase enzyme

Targeted drug delivery to tumor cells at increased GSH
concentration

Targeted drug delivery to tumor cells at acidic pH
Targeted drug delivery, stimuli-responsive effect to thiol
groups

Cytotoxic potential against cells, highly expressed with
matrix metalloproteinase enzyme

Targeted delivery to cancer cells at acidic pH

Targeted delivery to cancer cells at acidic pH

Stimuli-responsive effect of increasing GSH concentration
for treatment of cancer

Targeted delivery to pancreatic tumors Targeted delivery to
breast carcinoma cells at acidic pH

Targeted delivery to breast carcinoma cells at acidic pH

Increase the loading capacity of Methotrexate with more
efficient uptake as an anti-cancer agent for breast cancer
treatment. Targeted delivery to breast carcinoma cells at
acidic pH

Targeted delivery to cancer at acidic pH

Targeted delivery to breast carcinoma cells at acidic pH

Targeted delivery to cancer cells upon application of
magnetic field

Targeted delivery to mammary carcinoma cells at acidic pH

Targeted delivery to colorectal cancer cells at acidic pH

(Choi et al., 2018)

(Choi et al., 2020)
(Eskandari et al.,
2019)

(Chen et al., 2011a)

(Wang et al.,
2020a)
(Zhang et al., 2014)

(Umehara et al.,
2021)
(Schlossbauer et al.,
2010)

(Wang et al.,
2017b)

(Martinez-Carmona
et al., 2020)

(Frasconi et al.,
2013)
(He et al., 2017)

(Zhou et al., 2019)

(Geng et al., 2021)
(Salinas et al.,
2020)

(Bagheri et al.,
2021)

(Chen et al., 2016)
(Augspurger et al.,
2018)

(Singh et al., 2018)
(Kiew et al., 2017)
(Cheng et al., 2017)

(Zou et al., 2013)
(He et al., 2012)

(Xu et al., 2013)
(Yang et al., 2010)
(Yan et al., 2020)
(Lin et al., 2017)

(Zeiderman et al.,
2016)

(Shah and Rajput,
2018)

(Shakeran et al.,
2021)

(Chen et al., 2016)
(Cui et al., 2019)

(Chen et al., 2011b)

(Zhou et al., 2021)

(continued on next page)
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Chemical modification/functionalization of
MSNs

Drug loaded in MSNs

Active stimulus

Effect of functionalization

References

MSNs modification with glucuronic acid-
chitosan layer

Targeted delivery to tumor cells upon application of
magnetic field

Targeted delivery to colorectal cancer cells having protease
enzyme

Potential use in diabetes treatment, the release of a drug on
glucose detection

Targeted delivery to Hela cells at acidic pH

Targeted delivery to HCT-116 cell lines at increased GSH

(Narayan et al.,
2021)
(Che et al., 2015)

(Radhakrishnan
et al., 2014)
(Wang et al., 2021)

(Chen et al., 2018a)
(Zhao et al., 2014)

MSNs modification with gelatin Paclitaxel External
magnetic field

MSNs modification with protamine Curcumin Enzyme

Hollow MSNs modification with poly (3- - Glucose

acrylamidophenylboronic acid) (PAPBA)

MSNs capped with hyaluronic acid Doxorubicin pH

MSNs capped with hyaluronic acid 6-mercaptopurine Redox
potential

MSNs modified with multifunctional polymer - pH

MSNs modified with dialdehyde dextrin Doxorubicin pH and Redox
potential
MSNs modified with polyethyleneimine Plasmid DNA Ultrasound

concentration

Targeted delivery to Hela cells upon acidic pH (Niedermayer et al.,
2015)

On-demand drug delivery to increase GSH concentration (Chen et al., 2018b)
and acidic pH to cancer cells

Drug delivery to cancer cells (Du et al., 2020)

¢ Chemotherapeutic Drug
£ Nucleic Acids (pDNA, siRNA, mRNA)
Polymer
Ligand

g
Target Receptor §
p X

993
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+
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Fig. 5. Stimuli responsive gene delivery for cancer therapy.

7. Biomedical applications of MSNs

It is becoming increasingly evident that MSNs hold strong potential
as carriers for biomedical applications. Multifunctional MSNs, which
typically range from 50 to 3000 nm in diameter, exhibit numerous
outstanding properties, including large surface areas and pore volume
with high loading efficiency, tunable release mechanisms, and easy
surface decoration by attaching ligands for active targeting. These
characteristics of MSNs created a vast era of formulation development in
the field of nanomedicine. MSNs found their immense importance in
different areas of drug targeting (Bagheri et al., 2021; Murugan et al.,
2013), tissue engineering (Nekounam et al., 2021; Pouroutzidou et al.,
2021), cell tracking (Kim et al., 2021; Umehara et al., 2021), and genes
transfection (Hosseinpour et al., 2021) due to their peculiar character-
istics of large surface properties, tremendous internal volume and
unique channels that facilitate the adsorption of various protein and
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drugs. Capping agents can control the behavior of pores opening and
closing, hence controlling the precise spatial and temporal release of
encapsulated material with characteristics of lower degradation kinetics
(Manzano and Vallet-Regi, 2020). These controlled gatekeepers capping
the pore entrances of MSNs play prominent and crucial roles in
achieving specific drug release and avoiding premature leakage in the
delivery process before the target is reached. The perfect gatekeepers
can only be removed under specific internal or external stimuli, such as
pH, redox potential, temperature, biomolecules, light, magnetic field
and ultrasound, or a combination of these stimuli, which is significant
for precise therapeutic treatments and potential applications in human
bodies. Further, their intrinsic ability of functionalization at interior or
exterior surfaces, along with biocompatible profile make these delivery
vesicles ideal for biomedical applications (Gruenhagen et al., 2005).
Fig. 6. shows, some of the targeting ligands used for the functionaliza-
tion of MSNs.
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Table 3

. Summary of targeting drug delivery system based on MSNs.

Targeting receptor

Targeting ligand

Target cell type

Refs.

EGFR Epidermal growth HuH-7 (Mickler et al.,
factor 2012)
a-Folate receptor Folic acid MDA-MB 435 (Wang et al.,
MDA-MB-231 2010)
PANC-1, (Tao et al.,
MiaPaCa-2 2010)
MCF-7, Hela (Sarkar et al.,
Hela 2016)
(Lu et al., 2012)
(Prasad et al.,
2016)
o-Folate receptor Folic acid LnCAP (Lopez et al.,
Mitochondria Triphenylphosphine 2017)
membrane
Mannose receptor Mannose MCEF-7, HCT- (Brevet et al.,
116, MDA-MB- 2009)
231
Galactose receptor Galactose Hela, A549 (Niemela et al.,
2015)
Mucin-1 Mucin-1 antibody MMT, Mtag (Dréau et al.,
glycoprotein 2016)
CD105 protein TRC105 antibody 4T1 (Wang et al.,
2013)
CD44 protein Hyaluronic Acid MCF-7, MDA- (Kang et al.,
MB-321, 4T1 2019)
o P3 integrins cRGD MDA-MB 435 (Ferris et al.,
2011)
Transferrin Transferrin HepG2 (Montalvo-
receptor Quiros et al.,
2019)

4 | Antibody as targeting ligand |

YL |Proteinastargetingligand |

Folate molecule as targeting
ligand

Carbohydrate molecule as
targeting ligand )

<

Small molecule as targeting
ligand

| Dendrimer |

Fig. 6. MSNs modifications with targeting ligands.

Attachment of these moieties results in the modification of drug
loading, protein adsorption, biocompatibility, protein adsorption, im-
aging ability, and immune system interactions (Biirglova et al., 2014).
For example, surface functionalization of MSNs with amino acids im-
proves the drug’s loading capacity and provides sustained delivery of
therapeutic moieties (Liu et al., 2015). Similarly, carboxylic group
addition to the surface of MSNs improves drug dispersion and release
due to the creation of more negative charges. It also aids in the attach-
ment of fluorescent probes for the facilitation of imaging and diagnosis
(Liu et al., 2015). Ibuprofen adsorption on MSNs functionalized surface
is extensively studied, in which carbonyl groups formed bonding with
the silanol groups. However, in the case of non-functionalized surfaces,
Ibuprofen dimer formation has taken place through concomitant inter-
action of drug molecules through intermolecular bonding through
hydrogen bonding. A study conducted by Babonneau et al. demonstrated
the incompatibility of ibuprofen loaded in MSNs through an NMR study
by observing increased drug on the pore walls of MSNs, showing higher
drug motility (Babonneau et al., 2003; Babonneau et al., 2004). Re-
searchers have made numerous innovations for delivering various drugs
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through MSNs in order to make them more efficient while reducing their
unwanted effects.

Notably, MSNs possess advantages over traditional nanocarriers,
especially for cancer immunotherapies. Small interference RNA (siRNA)
has shown great promise in gene therapy because it can efficiently
silence the expression of the desired target with high specificity and
minimal side effects. Despite the great promise of siRNA in biomedical
application, there have been several obstacles that restrict their clinical
application, which includes: (i) naked siRNA is easily degradable by
endogenous nucleases with rapid clearance by the renal route and (ii)
they cannot be internalized efficiently by target cells due to polar nature
of phospholipid bilayer membrane (Chen et al., 2015; de Fougerolles
et al., 2007; Liu et al., 2016; van den Brand et al., 2018). Nowadays,
enormous efforts have been devoted to developing nanoparticles for
gene therapeutics. Ideal gene carriers should meet critical clinical
criteria for successful implementation in clinical studies. The most
important points are encapsulation efficiency, gene loading capacity,
gene protection from degradation, stability of nanoparticles, endocy-
tosis by target cells, controlled gene release at the target site, and lesser
cytotoxic effect (Descamps and Benihoud, 2009; Duerner et al., 2008; Li
and Huang, 2006; Yue and Wu, 2013). Polyethyleneimine-coated MSN
nanocarrier has been demonstrated to be a promising intracellular car-
rier for glucuronidase (GUS)-encoding plasmid DNA or siRNA due to its
high loading efficiency. Since, polyethyleneimine create a homogenous
coating on MSN particles to adsorb the negatively charged siRNA. (Cha
etal., 2017; Pinese et al., 2018). Pinese et al. described a novel approach
for the scaffold-mediated sustained release of siRNA/MSN poly-
ethyleneimine complexes. This system’s successful uptake of siRNA
downregulated the expression of collagen-1 compared to conventional
bolus delivery. Together, these studies provided new insights into MSNs
mediated nanoparticle-cell communication and intracellular trafficking
(Pinese et al., 2018).

Further, MSNs also help in the monitoring of the targeted chemo-
therapeutic agent in order to avoid systemic toxicity. Different mole-
cules such as carbon dots, FITC, chlorin, Hoechst, and multicolored up-
conversion nanocarriers are generally utilized for the fabrication of
nanocarriers. These agents transport the chemotherapeutic agent to the
target site and are advantageous in monitoring nanocarrier’s bio-
distribution (Hu et al., 2016; Wang et al., 2020b; Zhou et al., 2018a).
Yu et al. designed an interesting strategy for the real-time tracking of a
drug by employing chitosan capped MSNs loaded with fluorescent dye.
These novel nanocarriers mainly consisted of three components: the
MSNss for encapsulating the drug molecule, chitosan as a gate keeper for
the opening and closing of pores of MSNs and the fluorophore 1 8-naph-
thalimide for a signal of fluorescence. Pores will remain closed under the
absence of GSH concentration as the sulfone blocks the intramolecular
transfer of charge, leading to no fluorescence emission. However, in the
presence of GSH, its nucleophilic attack removes the chitosan with the
opening of pores, triggering drug release and emission of green fluo-
rescence. This strategy helps the researchers in expanding the knowl-
edge of gating the nanocarriers for monitoring the real-time release of
drugs for various ailments (Chen et al., 2020b).

MSNss are also ideal candidates as bio-catalysts due to their increased
adsorption capacity and increased surface area. The enzymes can be
encapsulated efficiently with high stability and act as bio-catalysts for
intercellular bioanalysis. Luciferin-loaded nanocarriers in MSN pores
through disulfide bonding with conjugation of PEGylated luciferase
enzyme were developed for identification of self-catalyst luminescence
for detection of the tumor. In the presence of redox potential and ATP,
the release of luciferase catalyzed luciferin with the emission of lumi-
nescence. This system provides a unique platform for tumor develop-
ment and its therapeutic response to treatment (Sun et al., 2011).

8. Safety, biodistribution, and fate of the MSNs

Despite various biomedical applications of MSNs, the Food and Drug
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Administration hasn’t approved MSNs for medical applications until
their final fate, bio-distribution, and clearance routes have been
addressed. In general, any administered agent undergoes the process of
absorption, distribution, metabolism, and clearance. Most commonly,
the nanocarriers are administered through subcutaneous or intravenous
routes. The injection of these nanocarriers into the bloodstream prompts
rapid bio-distribution of these agents through the bloodstream. How-
ever, the stability of these nanocarriers is an important determinant
factor that decides their ultimate biomedical use (Bourquin et al., 2018).
These carriers must be robust enough for the protection of loaded car-
riers in the bloodstream and degrade after delivering the cargo at the
target site. As, MSNs are composed of SiO, matrix, which is susceptible
to OH" (nucleophilic attack) by water molecules present in the aqueous
media, leading to the production of orthosilicic acid in the dissolution
media and can be excreted by the urine. The produced acid is water-
soluble and helps in the maintenance of bones integrity. Thus FDA an-
nounces silica as a safe biomolecule for over 50 years (Bourquin et al.,
2018; Croissant et al., 2018; Croissant et al., 2017a).

The dissolution rate of MSNs mainly depends upon different pa-
rameters of particle properties, such as pores size, surface area, particle
size, condensation degree, and functionalization molecules. The incor-
poration of different additives such as drugs, photosensitizer molecules,
or other in-organic agents also affects its dissolution characteristics. The
addition of the covalent addition of organic agents leads to the pro-
duction of a new category of MSNs, termed periodic mesoporous orga-
nosilica (PMOs). These materials share the same protocols of synthesis
but differ in the degradation rates. In this way, the mesoporosity of the
silica molecules can be protected for longer periods of time. In these
PMOs, different cleavable organic moieties are introduced, such as
lysine, oxamide, disulfide, tetrasulfide, etc., to introduce their on-
demand degradation (Croissant et al., 2017b). The dissolution also de-
pends on the properties of degradation or dissolution media, such as its
temperature, concentration, and pH, etc. In this way, the MSNs disso-
lution process can range from a few hours up to several weeks,
depending upon its characteristics and final application. The in vitro
degradation rate of the MSNs molecules revealed their long-term sta-
bility long enough to guarantee the release of loaded cargo at the site of
action (Braun et al., 2016). While the in vivo biodegradation of MSNs in
different animal models demonstrated increase biodegradation behavior
of the carriers having polymeric coatings on outer surfaces. This in-
creases their circulation time in the bloodstream with an increased
stability profile.

The bio-distribution profile of MSNs demonstrated their accumula-
tion in the reticuloendothelial system, including the liver, lungs, and
spleen (Zhang et al., 2016). This is due to the adsorption of proteins on
their external surfaces. These proteins are normally derived from serum
and sometimes can also enhance the selectivity of targeted MSNs,
indicating the effect of proteins corona on the bio-distribution of
nanocarriers (Beck et al., 2017). However, in order to avoid this phe-
nomenon, the surfaces of MSNs are normally coated with hydrophilic
polymers such as poly (ethylene glycol) (PEG). . Functionalization of
MSNs was also observed, demonstrating increased circulation time of
MSNs functionalized with PEG molecule (Chen et al., 2017a; Goel et al.,
2016). Also, the non-pegylated nanocarriers demonstrated high accu-
mulation in the spleen, liver, and kidneys. In another recent study, Kang
et al. developed hydroxyapatite (HAP) hybrid MSNs, loaded with anti-
cancer drug doxorubicin (DOX) to target tumor cells. HAP departs
excellent features of biocompatibility and nontoxicity, to MSNs with
further coating of hyaluronic acid (HA), which is a ligand that can bind
specifically to CD-44 receptor with enhanced cellular uptake. These
strategies improve the biodegradability, drug loading, and drug release
and eventually lead to better therapeutic outcomes (Kang et al., 2019).

Bio-distribution of MSNs has also been investigated after their radi-
olabeling with ®Cu through positron emission tomography in BALB/c
mice having xenografted breast and glioblastoma tumors. The bio-
distribution in the liver is presented in the highest concentration,
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regardless of the presence or absence of targeting ligands. The lower
amount of concentrations was also present in the spleen, lungs, kidney,
and intestines (Chen et al., 2013a; Goel et al., 2014). In another bio-
distribution study, it was concluded that by an increase in particles
from 80 to 160 nm, a higher accumulation of nanocarriers was observed
in spleen in comparison to the liver The particle shape of MSNs also has a
strong influence on MSNs bio-distribution. The particles having elon-
gated and spherical morphology showed higher accumulation in the
spleen in comparison to spherical particles (Huang et al., 2011).
Different studies have been performed regarding renal clearance of
MSNs from the body. These studies confirmed the increase elimination
of these nanocarriers from the renal route. In addition, hepatobiliary
excretion and excretion through bile are normally under the influence of
proteins adsorption, while excretion through feces is normally governed
by aggregation and accumulation of smaller particles (Manzano and
Vallet-Regi, 2020).

9. Conclusions and future perspectives

MSNs are one of the most promising approaches in the biomedical
field and introduced as superior carriers to cope with the hurdles of
limited drug release and premature release of cargo with a better sta-
bility profile. Research has been conducted in controlling the structural
properties of MSNs, including their morphology, pore size, particle size,
and structure ordering. Further, to achieve increased loading of drugs
with their precise control of release at a target site, functionalization of
MSNs’ surface by an external or internal decoration of functional groups
is being explored. The combination of MSNs with other agents and
functional groups, including polymeric substances, chemical moieties or
nucleic acids, helps to create hybrid MSNs having great potential for
various biomedical applications. Surface treatment of MSNs also im-
proves the interaction of nanocarriers with the biological environment
and improves the biocompatibility of the carriers. These modified MSNs
can be utilized in various biomedical applications for achieving targeted
drug delivery and facilitating controlled release kinetics.

However, despite numerous physio-chemical advantages that led the
researchers to develop MSNs for various biomedical applications,
especially cancer, there are still some prominent challenges that need to
be addressed before achieving any clinical translation. First of all,
standardizing the protocols of scalability with reproducibility in the
production of MSNs is very important. The carriers should be produced
on a larger scale with the same colloidal stability, particle size, and pore
area. Any functionalization strategy must be standardized with a
depiction of an appropriate stability profile and drug loading capacity.
Secondly, the bio-distribution studies must be carried out in different
animal models in order to predict the final fate of MSNs. A mandatory
step is to evaluate the toxicological profile of these nanocarriers in
human models. In general, it is quite evident that there is a requirement
of proper clinical evaluation of these nanocarriers together with the
collaboration of interdisciplinary industrial efforts and other scientists
to accelerate the entire process from bench to bed translation.
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