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Complex diseases require safe and effective delivery of drugs at the target site with improved physicochemical
properties of drug mainly solubility and permeability. Pharmaceutical scientists have researched a vast
number of controlled, targeted, and novel therapies using the concept of matrix release, nanotechnology,
or a hybrid system. In recent years scientists and the pharmaceutical industry have shown a growing
interest in mesoporous silica nanoparticles for the delivery of drugs. The mesoporous silica nanoparticles
offer distinctive properties of pore size, pore volume, surface area, and functionalization. This technology
offers high drug loading, magnificent biocompatibility, and surface functionalization to tune for their broad-
spectrum applicability. Owing to this, research scientists have found its materiality for targeting drugs in
cancer treatment and delivery of nucleic acids. The present review is a comprehensive collection of various
aspects of mesoporous silica nanoparticles that includes the properties, types, synthesis, various methods for
functionalization, drug loadings methods, and a briefing of their physicochemical evaluation. The review
also highlights the application of these nanoparticles in the treatment of various diseases. The objective of
this review is to enlighten the features of mesoporous silica nanoparticles and their biomedical applications.
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In the 21% century, nanotechnology has emerged
as one of the key technologies in drug delivery.
Modern nanotechnology has been considered a
collaborative platform for research in association
with the development of cutting-edge technologies!!!.
Nanomaterial has been employed significantly in the
healthcare sector because of its feature to hold, carry,
protect and deliver therapeutic agents, particularly to
the targeted tissue and provides safety by reducing
dose size and frequency of administrations!?!. Many
types of nanomaterials have shown potential effects
on the delivery of the drug. Among them, the recent
advances go for silica nanoparticles with mesopores
referred to as Mesoporous Silica Nanoparticles
(MSNPs).

They are the solid framework of Si-O bond with
porous structure and large surface area. The unique
feature of mesoporous silica offers high drug loading
capacity and predetermined release of the drug.
They are more stable and resistant to degradation
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and mechanical stress. Depending upon the drug
and requirement it offers tuneable pore size. The
presence of silanol group at the surface helps in easy
functionalization of the drug and thereby controls
the release of the drugB#. The additional feature
of mesoporous silica includes its availability in
different morphologies like a rod, cage, fiber, silica
nanosphere, film, and vesicles-like structurel®.
Mesoporous solids were introduced by Mobil
Research and Development Corporation in the year
1992 and were fabricated using aluminosilicate by
liquid-crystal template method and named Mobil
Composition of Matter (MCM-41).

Mesoporous molecular sieves family are of three
types MCM-41, MCM-48, and MCM-50 with
hexagonal, cubic and lamellar shapes respectively.
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These unique properties of the mesoporous silica
have been employed by the scientists to cargo
various drugs and macromolecules like proteins!®,
Deoxyribonucleic Acid (DNA)), micro Ribonucleic
Acid (miRNA), small-interfering RNA(siRNA)®!, an
Antisense Oligonucleotide (ASO)¥! in the form of
nanospheres and nanotubes, generally formed using
single-micelle epitaxial growth approach. These
nanoparticles stay in the blood circulation for an
extended period and show good internalization, and
excellent cellular uptake properties!!®.

The rapid uptake of MSNPS by the cell and their non-
cytotoxic nature finds their way into the biomedical
field. MSNPs less than 1 um have become very
popular in several biomedical applications like cell
imaging, diagnosis, biosensing and intracellular
drug, gene and protein delivery!.

Hence this review focuses on the various aspects
of mesoporous silica, its methods of synthesis,
ways of functionalization and its application in
the pharmaceutical field as a novel carrier for drug
delivery, targeting and intracellular delivery of drugs.

PROPERTIES OF MESOPOROUS SILICA

Mesoporous silica, the promising novel vehicle for
drugs, possesses its unique properties of chemical
stability, surface functionality and biocompatibility
due to the presence of salts, amines, alcohols, and
types of surfactants used during processing!'!l.
The pore size and the pore volume depend on
the amount of surfactant and precursor used in
the processing of MSNPs. Cationic surfactant
Cetyltrimethylammonium Bromide (CTAB)

at high concentration, led to the formation of
disordered mesostructured particles whereas, at
low concentration of CTAB, the template required
for the synthesis of the MSNPs was absent. Hence
optimum concentration was suggested to get desired
mesoporous structure!’?. Same observations were
found with the use of tetraethoxysilane!'*l. Uniform
particle size with enlarged pore volume makes the
MSNPs an ideal carrier for drug delivery. Varying
the attributes like temperature, the concentration
of surfactant, and the source of silica at the time of
synthesis can help to accomplish the ideal properties
of silica for improved loading of drugs.

The special characteristics of MSNPs include
tuneable pore size in the range of 2-50 nm, large pore
volume (>0.9 cm?/g, and high surface area (>700
m?/g). MSNPs attain to be homogenously distributed
in water and are stable to heat, pH, mechanical
hydrolysis and stress!'Y. The internal and external
face of the MSNPs can be desirably functionalized
through chemical linkages with stimuli-responsive
or luminescent materials for smart and targeted drug
delivery!.

The distinctive properties of MSNPs are associated
with various benefits for drug delivery and are
elaborated in Table 1. The quantity of bioactive
moieties that can be encapsulated depends upon the
volume of the pore. Normally the pore size is lesser
than 15 nm and the surface area is 1000 m?*/g with a
total pore volume of 1-2 cm?®/g. Varying quantities
and types of surfactants can alter the total surface
area of the MSNPs!!®,

TABLE 1: PROPERTIES OF MSNPs FOR DRUG DELIVERY

Properties of MSNPs Benefits associated References
Pore volume Enhance drug loading capacity (el
Modification in drug release profile 7
Pore size Amplification of inner surface area (el
Drug carrier efficiency

Particle size Boost endocytosis in plants and animals with decreased cytotoxicity (ol
Bio compatibility Stability under various biological environments 120l
Nontoxic and biodegradable 21
Stability Corrosion-resistant 22
Stable on chemical, mechanical and thermal stress (23]
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TYPES OF SILICA

Based on the pore diameter, the classification of silica
is presented in Table 2[17]. As per the discovery of
various researchers, the many types of marketed
mesoporous silica are presented in fig. 1. All the
different varieties show variation in their structure
and porosity.

TABLE 2: TYPES OF SILICA-BASED ON PORE
SIZE

S no Porous materials Diameter
1 Microporous <20 A

2 Mesoporous 20-500 A
3 Macroporous >50 A
SYNTHESIS OF MSNPs

The synthesis of the mesoscopic substance started
in the year 1970. In the year 1992, Mobil research
prepared the mesoporous solid using aluminosilicate
gels employing liquid-crystal template mechanism. It
was named Mobil Crystalline Materials or MCM!3],

The first-ever report related to the fabrication
of monodisperse silica nanospheres was given
by Stober et al. (1968). This practice is very well

known and successfully employed in the synthesis of
MSNPs. This method is based on the hydrolysis and
condensation process. Many researchers modified
the Stober method to fabricate particles of different
shapes and sizes. Few of the approaches are discussed

here.

Sol-gel method:

Most of the MSNPs are formed by the sol-gel
procedure, popularly called modified Stober’s
method.  This method employs hydrolysis and
condensation of tetraethyl orthosilicate the precursor
of colloidal silica, in a controlled catalytic condition.

Acid and base catalysts are involved in this process.
The hydrolysis of the alkoxide group mainly depends
upon the reaction condition and the molar ratio of
Si/H,O. The basic pH condition favors the rate of
hydrolysis. Condensation helps in the hydrolysis
reaction. Hydrolysis and subsequent condensation
lead to crosslinking. A chain structure is formed by
multiple condensations which get into the network-
like structure of the gel. The sol-gel process is used
with the modification to obtain the particles of the
desired size and with enhanced properties!'”. The
process of hydrolysis and condensation during the
sol-gel method is expressed in fig. 2.

2nm Name Acronym
Microporous
MSU Michigan State University
M
E
e SBA Santa Barbara Amorphous
= 10nm es—)
- \/’/ o MCM Mobil crystalline matter/Mobil
: P composite matter
MCM-41 MCM-50 (o)
2D hexagonal Lamella
Pore size 1.6-10nm Pore size lnm R M@s@m
Pore volume 0.7-1.2 Pore volume0.1-0.3 cm?/g HMS Hollow mesoporous silica
Surface area 1000 m?/g Surface area 1000 + 100 m¥/g @
> =/ % g OMS Ordered mesoporous silica
ST
- . TUD Technische Universiteit delft
MCM.48 SBA-16 M
Discontinuous cubic Cubic ; A
Pore size 3.3nm Pore size 4.74-5.60nm
Pore volume 0.53-0.80 cm/g Pore volume 0.37-0.61 em?/g T MCF Meso cellular form
Surface area 660-1010 m*/g Surface area 660-939 m/g
R T FSM Folded sheet mesoporous
B . .
A KIT Korean advance institute of
technology
L Macroporous
FDU Fairleigh Dickinson university
100nm

Fig. 1: Mesoporous Materials
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Fig. 2: Sol-Gel method of preparation of MSNPs
Evaporation Induced Self-Assembly (EISA)
method:

EISA method was first coined by Mahoney et al.?%.
This process serves as an alternate method for the
preparation of mesoporous materials and patterned
thin films. The process involves the following steps.
Formation of initial micellar dispersion of structuring
agents i.e., ionic or non-ionic surfactant, and
inorganic precursor in ethanol and water; fast solvent
evaporation to achieve inorganic encapsulation and
film formation, equilibrium of water content in the
film with atmosphere, hybrid mesophase formation
and stabilization, and finally condensation to harden
the network structure.

A wide variety of available structure-directing agents
make this method suitable for growing ordered
mesoporous transition metal oxides for photovoltaics
and sensing properties?!). The most commonly used
structuring agents are amphiphilic block copolymers
and pluronic surfactants. Rapid synthesis of the
mesoporous nanoparticles is one of the major
advantages offered by the EISA method compared to
other hydrothermal techniques??. The EISA method

1211
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is represented in fig. 3.

Microwave-assisted technique:

Microwave-assisted technique results in an
inexpensive synthesis of MSNPs. It is a hydrothermal
synthesis of mesoporous nanoparticles where heating
assists nucleation. Advantages of this method include
a reduction in synthesis time and particle size and
faster polymerization compared to the conventional
convection heating method. The swelling rate of the
material is found to be much higher compared to a
material prepared by conventional heating.

Microwave-assisted production of the molecular
sieve is an emerging technique that is often employed
in the scientific research domain. Several merits of
this method over other general methods are speedy
heating to the crystallization temperature, speedy
supersaturation by the rapid dissolution of precipitated
gels, decreased crystallization time, high localized
heating™, uniform nucleation during crystal growth
due to uniform heating. A thermostable hexagonal
molecular sieve of MCM -41 was prepared by this
technique by Wu ez al.* and is expressed in fig. 4.
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Ultrasonic synthesis:

In 2004, Run ef al established an ultrasonic
synthesis method for the preparation of MSNPs[%],
The ultrasonic synthesis produces well-ordered
hexagonal mesostructures with a large surface area
of over 1100 m*g, primary pore size in the range of
22-30 A, and pore volume around 1 cm*/g. The main

advantage of this synthesis process is that the time for
processing is drastically reduced to minutes®. The
synthesis of the mesoporous silica by the ultrasonic
process is reported by Run et al.!* and the process
is presented in the fig. 5. A briefing of the merits and
demerits of all the synthetic processes is presented
in Table 3.

Water
Equilibrium N A i
oS 7&:‘; Condensation
A A Ak
—_— e —_——
Ay U UF
Surfactant Mesostructuration

Inorganic precursor

Fig. 3: EISA method for preparation of MSNPs
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Fig. 5: Ultrasonic technique of the preparation of MSNPs
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TABLE 3: MERITS AND DEMERITS OF THE SYNTHESIS PROCESSES OF MSNPs

Type

Merit

Demerit

Sol-gel

Process control over particle size and structure

Evaporation-induced self-assembly

Microwave-assisted technique

Time saving

Ultrasonic

Time saving

Easy

Broad material encapsulated

Increased yield

Cost-effective

Tedious
Time consuming
Labour-intensive

Decreased controllability of pore size
and pore structure

Less adjustable in pore size and pore
structure

Complicated preparation
Less structural uniformity

Decreased yield

FUNCTIONALIZATION OF MSNPs

The functionalization of the internal and external
surfaces of mesoporous silica is an additional
beneficial feature of its versatile applicability.
Functionalization ushers to the development of new
physical and chemical properties which renders it
suitable for broad-spectrum applicability in drug
delivery, sensor, catalytic, etc., and other applications.
MSNPs are also used to offer intelligent gated
release with response to stimuli like pH, enzyme,
temperature, redox potential, etc., to minimize
the side effects of the drugs. The different ways of
functionalization are described below.

Functionalized MSNPs for temperature response:

Temperature is a few of the very in-demand stimuli
often used practically to control the response of the
MSNPs delivery system in biomedical applications.
They are designed to remain intact at normal body
temperature in the blood circulation and get activated
when the desired temperature is reached at the site of
the tumor.

Poly (N-isopropyl Acrylamide) (PNIPAM) stands is
one of the very popular and well-studied polymers
which is used in making the system temperature
responsive?’l. At lower critical solution temperature
(32-34°), PNIPAM is water-soluble but transforms
into a coiled structure at higher temperatures and
hydrophobicity increases. This property is utilized to
transfer the active substance at the site of action.

The active molecules are entrapped into the pores of
the MSNPs and are covered by the soluble conjugated
PNIPAM at a Lower Critical Solution Temperature
(LCST). As the surrounding temperature increases the
soluble PNIPAM undergoes conformational changes
and opens the pores in the surrounding environment
1213
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and helps to release the active molecules in the
surrounding area. This technique is mainly employed
in the MSNPs with large pores size with short-chain
lengths of the conjugated polymerf®!,

Functionalized MSNPs for light response:

Light has been extensively utilized in the formulation
of nanomaterials and controls the flow of bioactive
molecules. Some light-responsive materials, such as
derivatives of Ortho Nitro Benzyl (ONB), derivatives
of coumarin, thymine, derives of azobenzene (Azo),
spiropyran are most commonly employed in the
formation of the light-sensitive system. When these
moieties are exposed to light, it undergoes structural
changes which in turn initiate the release of the
attached molecule from the surface of MSNPs. A few
examples of the delivery of drugs are listed in Table
4.

Functionalized MSNPs
response:

for magnetic field

Magnetic fields are considered speedy and specific
methods to alter the response of magnetic materials.
One of the most popular sources of the magnet
is superparamagnetic ferric oxide nanoparticles
(M-Fe-NPS) of Fe,O, and y-Fe,O,, used primarily
in Magnetic Resonance Imaging (MRI), magnetic-
mediated hyperthermia for transport of bioactive
molecules, and cancer treatment!?>-3¢],

M-Fe-NPs can be functionalized by different
mechanisms either by entrapping into the core of the
MSNPs or to cover on the surface of the MSNPs to
create magnetic MSNPs (M-MSNPs)B3374%1 This has
shown improvement in the controlled delivery of the
release of various bioactive molecules, site-specific
targeting and MRI.
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TABLE 4: DRUG DELIVERY FROM MSNPS USING LIGHT STIMULI

S.no Example Mechanism of action References
1 ONB loaded in MSNPs Release of bioactive molecule when exposed 189]
to the UV result
Ethyl dimethyl ammonium bromide with gold Activation of the system by UV radiation to [90,91]
nanoparticles linked with MSNPs carrying doxorubicin release doxorubicin
3 Doxorubicin-loaded octadecyl-functionalized hollow Release of Doxorubicin in femtosecond at Near -
MSNPs InfraRed (NIR) region at 800 nm
Combination of coumarin and ONB in a single . -
. - Sequential release of Doxorubicin and short-

4 system of MSNPs loaded with doxorubicin and - 25 pNA of biomolecules at 405 and 365 nm 5299

short-hairpin RNA, functionalized with poly 2(N,
N-dimethylaminoethyl)methacrylate)

respectively

Functionalized MSNPs respond to ultrasound:

Ultrasounds are considered as a promising stimulus
to regulate the response of MSNPs to improve their
performance in the delivery of bioactive molecules
and imaging. Ultrasound provides properties
like hyperthermia and cavitational effect in the
functionalized MSNPs that aid in the release of the
linked bioactive substance and transport.

Manzano et al.™'1, studied the cellular internalization
of Doxorubicin (DOX) in prostate cancer using
this technology. A lack of cellular toxicity was
reported before the application of ultrasound, which
indicated the blocking of pores. Upon application of
ultrasound, dose-dependence toxicity on the cancer
cell was observed.

Functionalized MSNPs for pH response:

The pH of human biological fluid, the bloodstream
is a very important character for drug absorption.
Normally the pH of the fluid in healthy tissue is 7.4. A
decrease in pH is observed due to the complications
like tumors or inflammation. Lower pH is observed
in cytosols (6.5-7.0) and lysosomes (4.5-5). Hence
pH can be used to control the performance of the
drug and targeting of functionalized MSNPs.

Lu et al. developed a smart nano valve with Poly
(2-Diethylaminoethyl Methacrylate) (PDEAEMA)
on the external surface of MSNPs“2,

Hydrophobic polymer like polyvinyl pyridine which
is insoluble at physiological pH 7.4 can be used to
cover the MSNPs, and help to withhold the release of
the bioactive material. If the pH of the surrounding
changes to 5 the protonation of the polymer occurs
which makes it hydrophilic and water-soluble. This
leads to the damage of the cover layer and result in
the release of the bioactive moieties*!.

To control the release and performance of the
September-October 2023
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bioactive molecules in the MSNPs other system
employed are acid-labile functional groups that tend
to be stable at neutral pH but show breakdown in
acidic pH like at the site of tumor or cytoplasm.
Different linkers employed for this are acetal**4],
amidel**471 schiff base*®*! and cis-aconitic acid“®>!
etc. Thus, it enhances the circulation and deposition
at the site with a decrease in systemic cytotoxicity.

Functionalized MSNPs for enzyme response:

Enzymesarethebiological catalystthatis omnipresent
in the living body and helps in enormous biochemical
and metabolic reactions. There are various types of
enzymes present in a variety of cells and various
amounts. Hence this can be used in controlling
the release of a particular drug at a particular site
depending upon the desired enzyme, especially in
chemotherapy. Thus, it helps to minimize the side
effects due to the high specificity of the release of
the drug depending upon the presence of the desired
enzyme at the site. This technique can be used to
functionalize various ligands superficially for the
MSNPs/281,

DOX was loaded in the MSNPs and layered with
oligo DNA to hinder the release of the loaded moieties
during circulation. The conjugate in presence of
telomerase enzyme in the cell cytoplasm released the
drug for imaging®" and chemotherapy application?..

Reactive Oxygen Species (ROS):

A reactive oxygen species like H,O, is very
commonly produced by the metabolic reaction in the
body and observed more in the person with certain
pathophysiological conditions like Alzheimer's, heart
failure, inflammation and aging. This allows using
a signal in releasing and controlling the bioactive
moieties from a system!™*,
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In one study phenylboronic acid conjugated MSNPs
were used to cargo the loading molecules and sealed
with diol molecules like human Immunoglobulin
G and B-D-glucose-gold nanoparticles to prevent
the premature diffusion of the loading molecules.
When the system gets exposed to H,O, environment
it causes damage to phenyl borate ester bonds and
results in conversion into phenol group and allows
the release of the loading molecules!®.

METHODS OF DRUG LOADING

The drug loading into the pores of mesoporous
silica can be done by two methods, the solvent-free
method and the solvent-based method. The drug
loading involves drug adsorption onto the inner and
outer surfaces of the silica with various interaction
forces like vander waal forces, electrostatic force,
covalent and hydrogen bonding. The extent of drug
loading in the mesopores is critically dependent on
the surface area, the affinity between drug and silica,
and pore volume. The simple, economic, ecological
and industry-oriented drug loading techniques are

highlighted in this review.
SOLVENT-BASED METHODS

Adsorption method:

This is very frequently adopted method for drug
loading in the mesoporous material. In this method,
the mesoporous silica is dispersed in a concentrated
solution of the drug. The Si-OH (Silanol) group
present in mesoporous material helps in the
adsorption. The choice of the solvent plays a very
important role in the amount of loading. This
process is suitable for loading thermolabile drugs.
Both hydrophilic and hydrophobic drugs can be
used to load on mesoporous silica by this method.
The critical processing factor for this method is to
identify the optimum concentration of drug and a
solvent to achieve high filling in the pores of silical®*!,
This method is carried out in the following steps; In
the 1% step, the mesoporous material is immersed/
incorporated into the concentrated drug solution, this
leads to the filling of the pores of the mesoporous
material through capillary action. In the 2™ step,
the drug molecules diffuse into the mesopores and
get adsorbed onto the pore walls of mesoporous
material. In 3™ step, the recovery of the drug-loaded
matrix is carried out from the solution by filtration
and followed by rapid evaporation of the solvent.
The amount of the adsorption can be tailored by
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adding different functional groups on the surface of
the silical®¢7l,

Solvent evaporation method:

This process involves a combined method of
adsorption and rapid solvent evaporation. The
dispersion of the drug and silica is made using an
organic volatile solvent. The advantage of this
method over the adsorption method is the conversion
of the physical state of the drug which promotes
localization of the drug and drug releasel®®!.

Incipient wetness impregnation method:

In this method, the pore volume of mesoporous
carriers is impregnated several times with the
drug solution to completely occupy the pores of
the carriers. The drug loading takes place with the
capillary mechanism. After several impregnations,
a quick wash with a small amount of the solvent
should be carried out to remove the free drug from
the external surface. The difficulty of this process
is to control the uniformity of the drug distribution.
Furthermore, there is a chance that the remaining drug
recrystallizes on the external surface of mesoporous
material after solvent evaporation®®,

Diffusion supported loading:

Potrzebowski et al. developed the most efficient
economic technique of drug loading by this method,
where the initial step consists of homogenization of
the physical mixture of drug and mesoporous silica,
followed by diffusion of vapors of ethanol through
the solid mixture in a closed environment for 3 h
at room temperature. During this diffusion process,
the vapors of ethanol penetrate the whole volume
of the solid mixture, causing local condensation
and dissolution of the drug and transportation into
the pores of silical®”. This method enables to load
multicomponents without any special equipment or
experimentation conditions.

Liquid and Supercritical Carbon dioxide (SC-CO,)
loading:

In this method, the drug loading is carried out by
mixing both the drug and mesoporous material in a
high-pressure reactor. Investigation on this method
revealed that the temperature was maintained at 25°
throughout the experiment. The reactor cell was
filled with liquid Carbon dioxide (CO,). A high-
pressure pump was used to pump additional CO, to
a final processing pressure i.e., 27.58 MPal**l. The
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cell was depressurized rapidly by venting the CO,
at the end of the process or experiment. The SC-CO,
loading process followed the same above procedure
but instead of heating the cell at 25°, it was heated
up to 40°6¢1, The final product was rendered free of
residual solvent. It is an environmentally friendly,
economic and fast technique to achieve high drug
loading.

SOLVENT-FREE METHODS

Melt method:

The physical mixture of the drug and mesoporous
silica is melted above the melting point of the drug.
It reduces the time of drug loading into the porous
matrix but is suitable for thermostable drugs with
low molten viscosity as it affects the penetration over

the mesopores!®.,
Microwave irradiation method:

In this method, the drug and the mesoporous silica
particles are heated at a constant temperature using a

feedback system to protect the drug from degradation.
It can use a variety of silica and radiation. The process

can be carried out with or without waterf!l.

Co-milling method:

This technique involves the milling of drug and
mesoporous silica using a planetary ball mill
to achieve submicron particles and solid-state
amorphization. It is a solvent-free system and depends
on the proportion of drugs and silica. The method
is scalable for industrial use but suffers from the
drawback of nanocarriers' resistance to mechanical
stress. Hence the morphological properties of the
nanocarriers and the milling time are the critical
process parameters(®?,

The entrapment of the drug in the mesoporous
materials is subjected to various physicochemical
evaluations. Table 5 briefs out the various
physicochemical characterization, its objective and
methods employed.

TABLE 5: PHYSICOCHEMICAL CHARACTERIZATION OF MSNPs

S. no Types of characterization Objectives

Methods employed

1 Thermal analysis Physical state
Drug location
Loading efficiency
2 Gas sorption Pore size
Pore volume
Pore area
3 Microscopy Size
Morphology
Pore dimension
4 Spectroscopy Host-guest interactions
Surface chemistry
5 X-ray scattering Crystallinity
Physical state
6 Chromatography Stability

Loading efficiency

September-October 2023
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Differential Scanning Calorimetry (DSC)

Thermo Gravimetric Analysis (TGA)

Brunauer-Emmett-Teller (BET)
Barrett-Joyner-Halenda (BJH) models
Computational Density Functional Theory (DFT)
Transmission Electron Microscopy (TEM)
Scanning Electron Microscopy (SEM)
Stochastic Optical Reconstruction Microscopy (STORM)
Atomic Force Microscopy (AFM)

Solid State NMR
Raman Spectroscopy
Fourier Transform Infrared spectroscopy

Powder X-Ray Diffraction

High Performance Liquid Chromatography (HPLC)
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Drug release

Time-of-flight analyzer Secondary lon Mass

7 MS Elemental composition Spectroscopy (ToF-SIMS)
Stability
Drug release
8 Other methods Size Dynamic Light Scattering (DLS)
Surface charge Zeta Potential
Wettability Contact Angle by capillary penetration
Density Gas Pycnometry
Binding affinity Isothermal Titration Calorimetry (ITC)
APPLICATION OF MSPNs IN of the outer surface with hydrophilic carriers like
PHARMACEUTICAL FIELD PEG or by zwitterionization. PEGylation increases

The unique properties of MSNPs like their tuneable
pore size, thin pore wall, larger surface area, and
nano range particles have to need widely used in the
pharmaceutical field to enhance the effectivity of
drug molecules by targeting, improving solubility,
sustained-release, or as a biocompatible carrier for
various drugs or nucleic acids. The applications of
MSNPs in several sectors are discussed here briefly.

Drug delivery:

Certain drugs require to be delivered through a
controlled release system to maintain an effective
concentration of drug in the target tissue and
enhanced bioavailability. Numerous approaches are
available to sustain the effect of drugs. Out of these,
mesoporous silica has attracted a significant amount
of researchers’ interest. The mesoporous silica M41S
family has been employed in the controlled release
of the drug with enhanced drug adsorption attributes
and predictable pre-determined release kinetics.
Various studies showed that mesoporous silica can
be employed in drug delivery for various diseases
viz. bone/tendon tissue engineering, diabetes,
inflammation, and cancer because of their unique
acquired morphology®!.

The wide varieties of morphology and functionality
make mesoporous silica a suitable carrier for passive
and active drug targeting. The biodistribution
property of the nanoparticles can be altered with
tunable degradability!®]. The rapid renal clearance
and uptake by the reticuloendothelial system of
MSNPs can be easily corrected by functionalization
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stealth properties and was found to be effective
in the prevention of adsorption onto nonspecific
proteins in the body, thus improving the stability
of the MSNPs!®. Covalent grafting of Zwitterionic
polymer of small moiety with mesoporous silica
can be beneficial for the passive targeting of drug-
loaded nanoparticles. This concept was successfully
employed in the multifunctional nanodevice of ferric
oxide that facilitated the co-delivery of siRNA and
daunorubicin!®.

The internalization of the drug to the specific
cell or cell organelles can be achieved by surface
modification of the nanoparticles with the ligand,
and mesoporous silica plays a suitable platform for
active targeting with the various types of ligands like
antibodies!®®!, proteins!®”), peptides!®®, aptamer®,
saccharides””, small molecules, etc. MSNPs are
also used to offer intelligent gated release with
response to stimuli like pH, enzyme, temperature,
redox potential, etc to minimize the side effects of
the drugs.

MSNPs in in vitro drug release:

The pore properties of mesoporous silica mainly
the pore size, pore volume and geometry affect the
drug loading and hence drug release from it. Once
a drug molecule is loaded into a confined space
cannot recrystallize and can retain the amorphous
state of the drug. Depending on the pore size, drug
loading and drug release vary”’!l. As the pore size
decreases, drug loading minimizes and slows the
release of drugs from the tightly packed mesopores.
mesopores. The drug loading in mesoporous silica
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occurs through the adsorption of the drug on its
active surface. Adsorption occurs in different layers
and is greatly affected by the method of preparation
and time of incubation. The extent of drug loading
in the monolayer can be calculated by Dening and
Talyor equation’!.

Theoretical drug load at monolayer adsorption (%
g/g)=SSAXM_ x10°°/SA <N

Where SSA: Specific Surface Area of mesoporous
silica in (m?%g); Mw: Molecular weight of the drug
in g/mol; SAM: Maximum projected contact surface

area of single molecule; NA: Avogadro’s Number
(6.022x10%)

Pore channels and shape are also critical in drug
loading, along with ordered channels exhibiting
good drug loading and faster release of the drug(™!.
Uniform hollow hexagonal mesopores were found to
have greater drug loading and offer faster releasel’+7.
The silica surface can be functionalized to control
the release of the drug. Scientific research revealed
that the drug release from mesoporous silica exhibit
biphasic release characteristics with an initial burst,
followed by sustained release. The dissolution of
amorphous drug from mesoporous silica leads to the
formation of a supersaturated solution which can be
an effective means of improving the bioavailability
of poorly soluble drugs. Improvement of solubility
of ibuprofen, naproxen, erythromycin, amikacin,
vancomycin, and griseofulvin to enhance the
bioavailability was studied.

MSNPs as carriers for intracellular delivery of
nucleic acids:

Different synthetic nucleic acids, like DNA, miRNA,
siRNA, and ASO, are considered significant for
modulating endogenous gene expression because of
their high specificity and comparatively low toxicity.
Numerous gene-targeted therapeutics with synthetic
nucleic acid as a prodrug has been adopted for the
treatment of many diseases like cardiovascular
disease, inflammation, infection, and cancer. The
negative charge on the nucleic acids makes it difficult
to cross the cellular membrane possess the bigger
challenges in delivery. The biocompatible MSNPs
can be used as a carrier to pack the nucleic acids and
deliver them into the cell and regulate the target gene
expression for therapeutic effect!”.

Second-generation PAMAM(G2-PAMAM) has been
reported very effective in the delivery of DNA. The
DNA is complexed on the external surface of the G2-
PAMAM. G2-PAMAM is loaded on the Isocyanate
September-October 2023
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Propyl-functionalized MSN(ICP-MSN) suspension.
After the internalization of the complex, the DNA
is released from the surface and diffuses into the
cytoplasm of the celll”®,

MSNPs in colon cancer:

The use of the capped MSNPs in the treatment of
colon cancer was found to be very effective for
oral delivery of drugs. The ability of the MSNPs to
increase the solubility of the poor soluble anti-cancer
drugs and efficient targeting and prevention from the
premature release of the drug makes it suitable as a
carrier of drugs for the treatment of colon cancer.

A nanodevice was developed with Santa Barbara
Amorphous (SBA)-15 type MSNPs functionalized
with Phenylacetic Acid (PAA) to trigger the release
at specific pH. DOX was loaded in the mesoporous
silica. Mesoporous PAA act as a gatekeeper for DOX
to release at the target site. The nanodevice could
control the premature release under gastric conditions
while promoting the release at colonic condition pH
7.6. The system exhibited advantages like high drug
loading capacity, excellent compatibility and pH-
triggered response with improved solubility of DOX
molecules in the colonic environment!’”.

Kumar et al.® employed MCM-41 to increase the
efficacy of the anticancer drug 5-Fluorouracil (5-FU)
for the treatment of colon cancer, which triggered
to release the drug at the desired enzyme system.
Functionalisation was done using the natural polymer
of guar gum to cargo the drug in the mesoporous
channels. Degradation of the natural polymer (guar
gum) in presence of colonic enzyme functioned as
a gatekeeper to release the drug at the site. This
investigation shows another use of MSN built system
based on guar gum capping as an efficient enzyme
responsive carrier!’®],

MSNPs in breast cancer:

MSN has been studied to increase the solubility of
the drug employed for breast cancer. Anti-cancer
drugs like paclitaxel and curcumin have poor
aqueous solubility and permeability which accounts
for their limited bioavailability and adverse effect.
To improve solubility and stability for the antitumor
drugs paclitaxel and curcumin lipid bilayer-coated
MSNPs were employed through the intravenous
route for the treatment of breast cancer!7**l.

A pH-responsive MSN carrier of anastrozole was
found to have a better-sustained drug release profile
with an improved cytotoxic effect on cell lines of

1218



www.ijpsonline.com

breast cancerf®.

MSNPs in lung cancer:

Lung cancer is classified into 2 types Non-Small Cell
Lung Cancer (NSCLC) and Small cell Lung Cancer
(SCLC). The NSCLC was found to be less sensitive
to chemotherapy and radiation therapy. This type of
lungs cancer arises on epithelial cells from bronchi
to terminal alveoli. Hence, the challenges of the
treatment lie here. MSNPs showed a promising effect
on delivering the drugs by the inhalation route. Using
MSNPs, the anticancer drugs cisplatin and DOX
conjugated with BCL2 and MRP1 small interfering
(si)RNAs are localized to lungs for local therapeutics
effect. /n vivo experimentation with murine resulted
73 % localization of MSNPs in the lungs and a small
amount in the spleen, heart, kidney, and liver®,
Hence it can lead to the development of successful
treatment for delivering anticancer drugs in the lungs
and for suppression of tumor.

MSNPs in brain cancer:

There are various ways developed to detect cancer
in the body but particularly brain cancer is still
associated with many difficulties. Malignant glioma,
Glioblastoma Multiforme (GBM) is a dangerous
form of cancer that is characterized by the fast injury
of the brain parenchyma shows lesser resistance to
chemotherapy, and a higher frequency of relapse, and
a lesser survival rate. The MSNPs have been studied
for the delivery of the GBM. Drug GBM was loaded
in the MSNPs with protein grafted. The MSNPs were
conjugated with the Transferrin (Tf), a glycoprotein

Mo of Researches

on the external surface of the MSNPs with poly (d,
I-lactic-co-glycolic acid) NPs of DOX. The purpose
of the study was to increase the efficacy of the
nanoparticles of DOX with Tf as a gatekeeper and
a targeting agent to the malignant cell. This showed
increased efficiency in delivering DOX compared to
the conventional DOX. MSNPs containing Tf stood
out to be a strong system to hinder tumor spread and
reduce systemic toxicity!’>3,

The application of MSNPs in the biomedical field
has been studied widely over the last decades. The
conclusion derived from the reports suggests that the
toxicities depend on the characteristics of the carriers
but were found to vary to derive a conclusion. Fu et
al.® and other collaborators reported that the oral
administration of MSNPs was safe in vivo, when
it was administered parenterally they reported that
it was deposited in the liver and spleen which was
cleared off in a month when studied on micel®-%.
Though the carrier shows tremendous potential for
biocompatibility and efficacy, a lack of in-depth
understanding of the interactions in human physiology
needs to be addressed. In the last decade, the MSNPs
showed safety in clinical trials®. Orally delivered
ibuprofen and simvastatin showed a 1.95 and 3.5
times respectively improvement in bioavailability®”,
The oral bioavailability of fenofibrate was improved
by 54 % over the conventional dosage form!®, These
data reveal that the safety of MSNPs is established
for oral delivery of drugs®-°. The number of
growing research in this field is an indication of
its application in the drug delivery and targeting as
analysed in fig. 6.

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Publication year

Fig. 6: No of growing research in drug delivery and targeting using MSNPs for the last decade
Note: (M ): Research on drug delivery and targeting (Data accumulated from Web of science and Scopus)
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CONCLUSION

MSNPs have been profoundly studied for drug
delivery and created a huge impact in the field of
diagnosis and treatment of various diseases. It has
shown its potential in fabrication, multifunctional
nanocarrier for site-specific delivery, theranostic
purpose and multiple drug loading. The unique
physicochemical properties and functionalization of
the surface for a triggered response make it a novel
carrier to overcome the difficulties associated with
the temporal and spatial placement of the drug.
Compare to other inorganic nanoparticles it has
shown its greater effectivity against cell penetration
and is also found to be biocompatible. The invention
of Cornell Dots or C Dots to trace the cancer cells
in the body proves its acceptability for clinical
translation. Though the remarkable outcomes of
silica nanoparticles are promising, still the question
lies in the reproducibility of its production on an
industrial scale and the development of sensitive
analytical procedures for its characterization.
The non-clinical development of long-term tissue
compatibility, genotoxicity, and teratogenic effect
should be explored more for clinical translation. The
in vivo degradation mechanism should be established
to support the absence of chronic toxicity. Therefore,
once the bridging between preclinical and clinical
study is established, the use of MSNPs for drug
delivery and pharmaceutical development will
support an optimistic future in patient care.
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