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Chapter

Fabrication of Mesoporous Silica
Nanoparticles and Its Applications
in Drug Delivery

Vishal Pande, Sachin Kothawade, Sharmila Kuskar,
Sandesh Bole and Dinesh Chakole

Abstract

Mesoporous Silica Nanoparticles (MSNs) are nano-sized particles with a porous
structure that offers unique advantages for drug delivery systems. The chapter begins
with an introduction to MSNs, providing a definition of these nanoparticles along
with a brief historical overview. The distinctive properties of MSNs, such as high sur-
face area, tunable pore size, and excellent biocompatibility, are discussed, highlight-
ing their potential in drug delivery applications. The synthesis methods for MSNs are
presented, including template-assisted synthesis, sol-gel method, co-condensation
method, and other approaches. The chapter also covers the characterization tech-
niques used for evaluating MSNs, including morphological, structural, and chemical
characterization, which are crucial for assessing their quality and functionality.

The surface modification of MSNs is explored, focusing on the functionalization of
surface groups, attachment of targeting ligands, and surface charge modification to
enhance their interactions with specific cells or tissues. The chapter then delves into
the diverse applications of MSNs, with a particular focus on drug delivery. The use
of MSNs in cancer theranostics, drug delivery, imaging, biosensing, and catalysis is
discussed, emphasizing their potential to revolutionize these areas. Furthermore, the
toxicity and biocompatibility of MSNs are addressed, covering both in vitro and in
vivo studies that evaluate their safety and efficacy.

Keywords: mesoporous silica nanoparticles, surface modification, cancer theranostics,
template-assisted synthesis, Co-condensation, biosensing

1. Introduction

1.1 Definition of mesoporous silica nanoparticles (MSNs)

Mesoporous silica nanoparticles (MSNs) are nano-sized particles composed of
silica (SiO,) with a unique porous structure. They possess a regular arrangement

1 IntechOpen



Nanofabrication Techniques — Principles, Processes and Applications

of mesopores, which are cylindrical channels or voids within the particle structure
[1]. These mesopores typically range in size from 2 to 50 nm, offering a large surface
area for drug loading and delivery [2].

The term “mesoporous” refers to the intermediate pore size between micropores
(less than 2 nm) and macropores (greater than 50 nm). This mesoporous structure
allows for the efficient encapsulation, storage, and controlled release of therapeutic
agents, making MSNs highly desirable for drug delivery applications [3].

MSNs can be fabricated with precise control over their size, shape, and pore char-
acteristics, enabling tailored drug delivery systems. The synthesis of MSNs involves
the use of various templating agents or surfactants that serve as a template around
which the silica precursor is deposited, followed by the removal of the template to
create the desired pore structure [4].

The unique properties of MSNs make them versatile platforms for drug delivery.
Their large surface area facilitates high drug-loading capacity, while the tunable pore
size allows for the selective encapsulation of different types of drugs, including small
molecules, proteins, nucleic acids, and even imaging agents. Additionally, the sur-
face of MSNs can be functionalized with targeting ligands, making them capable of
targeted drug delivery to specific cells or tissues [5].

1.2 Brief history of MSNs

The development and exploration of mesoporous silica nanoparticles (MSNs) as
versatile materials for drug delivery applications have evolved over several decades.
The following provides a detailed overview of the historical milestones and key
contributions in the field of MSNs [6, 7].

1.2.1 Discovery of mesoporous materials

The study of mesoporous materials traces its origins to the late 1960s and early
1970s when researchers discovered the existence of ordered porous structures in vari-
ous materials. Initial investigations focused on mesoporous materials like MCM-41
and SBA-15, which laid the foundation for the development of MSNs [8].

1.2.2 Introduction of MSNs

The concept of mesoporous silica nanoparticles (MSNs) emerged in the early
1990s when researchers introduced a template-assisted synthesis method to create
highly ordered porous structures within silica nanoparticles. This breakthrough led to
the realization of MSNs as promising candidates for drug delivery systems due to their
unique properties [9].

1.2.3 Pioneering synthesis methods

In the late 1990s and early 2000s, researchers developed and refined various syn-
thesis methods for MSNs. The sol-gel method and co-condensation method gained
significant attention as effective approaches to fabricate MSNs with controlled pore
size and surface properties. These methods allowed for the synthesis of MSNs with
tailored characteristics suitable for drug delivery applications [10].
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1.2.4 Advancements in surface modification

During the 2000s, considerable progress was made in surface modification
techniques for MSNs. Researchers explored different strategies to functionalize the
surface of MSNs with organic groups, polymers, or targeting ligands. These modifica-
tions enabled the introduction of specific functionalities, such as controlled drug
release, enhanced stability, and targeted drug delivery [11].

1.3 Unique properties of MSNs

Mesoporous silica nanoparticles (MSNs) possess several distinct properties that
make them highly desirable for drug delivery applications. Understanding these
unique characteristics is crucial for harnessing the full potential of MSNs in the field
of drug delivery [12-15]. The following provides a detailed exploration of the key
properties of MSNs:

1.3.1 High surface area

MSNs have an exceptionally high surface area due to their porous structure. The
presence of mesopores enables a large surface area-to-volume ratio, providing ample
space for drug loading and adsorption. The high surface area allows for efficient
interaction with drugs, leading to improved encapsulation efficiency and enhanced
drug loading capacity.

1.3.2 Tunable pore size and volume

MSN s offer the advantage of tunable pore size and volume, enabling customiza-
tion based on specific drug delivery requirements. The pore size can be precisely
controlled during the synthesis process, allowing for the selective encapsulation of
different types of drugs, including small molecules, macromolecules, and even imag-
ing agents. This tunability facilitates the optimization of drug release kinetics and
enhances therapeutic efficacy.

1.3.3 Controlled drug release

MSNs exhibit controlled drug release behavior, which is critical for achieving sus-
tained and targeted drug delivery. The porous structure of MSNs provides a reservoir-
like effect, allowing for controlled release of encapsulated drugs over an extended
period. The release kinetics can be further modulated through surface modifications,
such as the introduction of stimuli-responsive systems or functional groups that
respond to specific environmental cues.

1.3.4 Excellent biocompatibility

MSNs demonstrate excellent biocompatibility, ensuring their compatibility with
biological systems and minimizing adverse effects. The silica material used in MSNs
is generally considered biologically inert, reducing the likelihood of cytotoxicity and
immunogenicity. Furthermore, MSNs can be surface-modified with biocompatible
polymers or targeting ligands to enhance their biocompatibility and reduce potential
toxicity concerns.
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1.3.5 Surface functionalization

The surface of MSNs can be easily functionalized, allowing for the introduction of
specific functionalities to facilitate targeted drug delivery. Functional groups, poly-
mers, or targeting ligands can be attached to the surface of MSNs, enabling selective
interactions with specific cells, tissues, or biological molecules. Surface functionaliza-
tion also enables the incorporation of imaging agents for real-time monitoring or
diagnostic purposes.

1.3.6 Stability and ease of fabrication

MSNs exhibit good stability, making them suitable for long-term storage and
transportation. The synthesis methods for MSNs are well-established and relatively
straightforward, offering reproducibility and scalability. This ease of fabrication
facilitates their translation from the laboratory to industrial-scale production for
practical applications.

MSNs hold significant potential for the development of advanced drug delivery
systems. Their high surface area, tunable pore size, controlled drug release behavior,
excellent biocompatibility, surface functionalization capabilities, and stability make
them versatile platforms for efficient and targeted drug delivery, ultimately improv-
ing therapeutic outcomes [16-20].

2. Synthesis of MSNs

The synthesis of mesoporous silica nanoparticles (MSNs) involves various meth-
ods that allow for the controlled fabrication of their unique porous structure [21-23].
The following describes the key synthesis methods commonly employed for the
production of MSNs:

2.1 Template-assisted synthesis

Template-assisted synthesis is a widely employed method for fabricating meso-
porous silica nanoparticles (MSNs) with precise control over their porous structure
[24-26]. This approach involves the use of a sacrificial template or surfactant, around
which the silica precursor is deposited and subsequently removed, leaving behind the
desired porous architecture within the nanoparticles. The template provides a frame-
work that determines the size, shape, and arrangement of the mesopores, allowing for
tailored drug loading and release properties. The following steps outline the template-
assisted synthesis process:

2.1.1 Template selection

The choice of template plays a crucial role in determining the characteristics of
the resulting MSNs. Commonly used templates include organic surfactants, such
as cetyltrimethylammonium bromide (CTAB) or Pluronic block copolymers, and
inorganic templates like colloidal silica or polymer micelles. The template’s struc-
ture and size dictate the dimensions and arrangement of the mesopores within the
silica network.
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2.1.2 Silica precursor deposition

The silica precursor, often tetraethyl orthosilicate (TEOS) or other alkoxysilanes,
is added to a solution containing the template. Under appropriate conditions, hydro-
lysis and condensation reactions occur, leading to the formation of silica species.

2.1.3 Template removal

After the deposition of the silica precursor, the template is selectively removed
to generate the porous structure within the nanoparticles. The template removal
can be achieved through either calcination or extraction processes. Calcination
involves heating the MSNs to high temperatures, typically above 400°C, to burn off
the organic template. On the other hand, extraction involves dissolving the template
using solvents that are selective for the template material. This step leaves behind an
interconnected network of mesopores within the MSNs.

2.1.4 Post-synthesis treatment

To further refine the MSNs’ properties, post-synthesis treatments can be per-
formed. These treatments may include washing with solvents to remove residual
impurities, surface functionalization to introduce specific functionalities or targeting
ligands, or modification of the pore surface to alter the release kinetics or enhance
biocompatibility.

Template-assisted synthesis offers several advantages for MSN fabrication. It
allows precise control over the pore size, distribution, and connectivity, enabling the
customization of drug loading and release profiles. The use of different templates and
adjustments in synthesis conditions enable the creation of MSNs with specific proper-
ties tailored for various drug delivery applications. Additionally, template-assisted
synthesis is a relatively straightforward and scalable method, making it suitable for
large-scale production of MSNs.

By utilizing template-assisted synthesis, researchers can create MSNs with a
well-defined mesoporous structure, offering improved drug encapsulation capacity,
controlled release behavior, and enhanced therapeutic efficacy. This synthesis approach
contributes to the development of advanced drug delivery systems with precise control
over drug release kinetics and targeted delivery to specific tissues or cells (Figure1).

2.2 Sol-gel method

The sol-gel method is a widely used approach for the synthesis of mesoporous
silica nanoparticles (MSNs) [27-31]. This method involves the hydrolysis and con-
densation of silica precursors in a solution, leading to the formation of silica nanopar-
ticles with a porous structure. The sol-gel process allows for the precise control of
reaction parameters to tailor the size, shape, and pore characteristics of the resulting
MSNs. The following steps outline the sol-gel method for MSN synthesis:

2.2.1 Selection of silica precursors

The sol-gel method typically utilizes alkoxysilane precursors, such as tetraethyl
orthosilicate (TEOS) or tetramethyl orthosilicate (TMOS). These precursors undergo
hydrolysis and subsequent condensation reactions to form the silica network. The
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Figure 1.
Template assisted synthesis of mesoporous silica nanoparticles.

choice of precursor depends on factors such as reactivity, availability, and desired
properties of the MSNss.

2.2.2 Hydprolysis

The silica precursor is hydrolyzed by adding a controlled amount of water or a
hydrolyzing agent, such as an acid or base, to initiate the hydrolysis reaction. This step
involves the breaking of the alkoxide groups in the precursor, resulting in the forma-
tion of silanol groups (Si-OH) on the silica precursor.

2.2.3 Condensation

The hydrolyzed silica precursor undergoes a condensation reaction, where the
silanol groups react with each other to form siloxane bonds (Si-O-Si) and release
water molecules as byproducts. The condensation reaction can be controlled by
adjusting reaction parameters such as pH, temperature, and concentration of precur-
sors. The condensation leads to the formation of a three-dimensional silica network.

2.2.4 Pore formation

During the hydrolysis and condensation reactions, the addition of a structure-
directing agent or a surfactant can lead to the formation of mesopores within the
silica network. The surfactant molecules self-assemble and organize themselves to
create micelles, which act as templates for the pore formation. The surfactant can be
removed later to generate the mesopores within the MSNs.

2.2.5 Aging and drying

The synthesized MSNs are subjected to aging and drying processes to pro-
mote further condensation and solidification. Aging refers to the continuation of

6



Fabrication of Mesoporous Silica Nanoparticles and Its Applications in Drug Delivery
DOI: http://dx.doi.org/10.5772/intechopen.112428

the condensation reaction over an extended period, allowing the particles to grow and
the pore structure to develop. Drying involves the removal of solvent and water from the
MSNS, typically through evaporation or freeze-drying.

The sol-gel method offers several advantages for MSN synthesis. It allows precise con-
trol over the particle size, pore size, and pore structure of the MSNs by adjusting reaction
parameters. The process is relatively simple, scalable, and compatible with the incorpora-
tion of various functional groups or additives for tailored drug delivery applications.

By employing the sol-gel method, researchers can produce MSNs with well-
defined mesopores, high surface area, and customizable properties. These MSNs offer
advantages for drug delivery, including high drug loading capacity, controlled release
profiles, and the potential for targeted delivery to specific tissues or cells. The sol-gel
method contributes to the development of efficient and precise drug delivery systems
using MSNs as carriers (Figure 2).

2.3 Co-condensation method

The co-condensation method is a commonly used technique for the synthesis of
mesoporous silica nanoparticles (MSNs) [32-37]. This method involves the simul-
taneous hydrolysis and condensation of two or more silica precursors, resulting
in the formation of MSNs with enhanced structural and chemical properties. The
co-condensation method offers advantages such as improved control over pore size,
surface functionality, and composition of the MSNs. The following steps outline the
co-condensation method for MSN synthesis:

2.3.1 Selection of silica precursors
The co-condensation method utilizes two or more silica precursors, typically
alkoxysilanes, such as tetraethyl orthosilicate (TEOS), tetramethyl orthosilicate

(TMOS), or organosilanes. The choice of precursors depends on the desired proper-
ties and functionalities of the resulting MSNs.

Hydrolysis Condensation
‘ Polymerization
7/
Precursor Sol formed by Gel formed by aging
hvdrolvsis

Drving or
By filtering & Calcination

washed dried | of the Gel .
phase

Product

Figure 2.
Sol-gel method for synthesis of mesoporous silica nanoparticles.
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2.3.2 Hydrolysis

The selected silica precursors are hydrolyzed by adding water or a hydrolyzing
agent, such as an acid or base, to initiate the hydrolysis reaction. Hydrolysis breaks the
alkoxide groups in the precursors, leading to the formation of silanol groups (Si-OH)
on the silica precursors.

2.3.3 Co-condensation

The hydrolyzed silica precursors undergo co-condensation, where the silanol
groups from different precursors react with each other to form siloxane bonds
(Si-O-Si). This simultaneous condensation results in the formation of a hybrid silica
network containing different types of siloxane linkages.

2.3.4 Pore formation

Similar to other synthesis methods, the addition of structure-directing agents or
surfactants can be incorporated during the co-condensation process to induce the
formation of mesopores within the silica network. These agents self-assemble and
organize themselves to create micelles, which act as templates for pore formation.
The subsequent removal of the template generates the desired mesoporous structure
within the MSNs.

2.3.5 Aging and drying

The synthesized MSNs undergo aging and drying processes to promote further con-
densation and solidification. Aging allows the particles to grow and the pore structure
to develop over time. Drying involves the removal of solvent and water from the MSNs,
typically through evaporation or freeze-drying, resulting in the formation of solid MSNEs.

The co-condensation method provides enhanced control over the composition and
properties of the MSNs by combining different silica precursors. This method allows the
incorporation of organic groups, such as functional molecules or polymers, into the silica
network, enabling the introduction of specific functionalities or surface modifications.
The resulting MSNs exhibit improved stability, enhanced drug loading capacity, and
tailored release profiles, making them suitable for various drug delivery applications.

By utilizing the co-condensation method, researchers can design and synthesize
MSNs with specific pore structures, tailored surface functionalities, and controlled
drug delivery properties. These MSNs offer advantages in terms of targeted drug
delivery, increased stability, and improved therapeutic efficacy. The co-condensation
method contributes to the advancement of MSNs as versatile carriers in drug delivery
systems (Figure 3).

2.4 Other synthesis methods

In addition to template-assisted synthesis and the sol-gel method, there are several
other methods available for the synthesis of mesoporous silica nanoparticles (MSNs).
These methods offer alternative approaches to tailor the size, shape, and pore charac-
teristics of the MSNs. Here are some of the commonly employed methods:
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Figure 3.
Co-condensation method for synthesis of mesoporous silica nanoparticles.

2.4.1 Stober method

The Stober method, also known as the classical silica nanoparticle synthesis
method, involves the hydrolysis and condensation of silica precursors in the presence
of a stabilizing agent, such as ammonia or ethanol. The resulting silica nanoparticles
can be further etched to generate mesopores, or surfactants can be added during the
synthesis process to induce pore formation [38-40].

2.4.2 Microemulsion method

The microemulsion method utilizes water-in-oil or oil-in-water microemulsions
as reaction media for the synthesis of MSNs. In this method, silica precursors are
dispersed within the microemulsion, and the hydrolysis and condensation reactions
take place within the confined nanodroplets. The microemulsion method allows for
precise control over the size and morphology of the resulting MSNs [41-44].

2.4.3 Emulsion-droplet coalescence method

The emulsion-droplet coalescence method involves the formation of water-in-oil
emulsions containing silica precursors and a hydrophilic solvent. Subsequently, the
emulsion droplets are subjected to coalescence, leading to the formation of silica
nanoparticles. The resulting nanoparticles can be further treated to introduce meso-
porous structures [45-49].

2.4.4 Aerosol-assisted synthesis

The aerosol-assisted synthesis method involves the generation of aerosol droplets
containing silica precursors, which are then passed through a high-temperature
furnace or reactor. The high temperature promotes the hydrolysis and condensation
reactions, resulting in the formation of MSNs. This method allows for the production
of MSNs with controlled particle size and narrow size distribution [50, 51].
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2.4.5 Solvothermal method

The solvothermal method involves the synthesis of MSNs in a high-pressure,
high-temperature environment using organic solvents as reaction media. This
method allows for the formation of MSNs with unique structures and properties. The
solvothermal conditions facilitate the control of particle size, surface area, and pore
characteristics of the MSNs [52].

Each of these alternative methods offers specific advantages in terms of control-
ling the size, morphology, and pore structure of the resulting MSNs. Researchers can
choose the most suitable method based on the desired properties and applications of
the nanoparticles. The flexibility and versatility provided by these various synthesis
methods contribute to the advancement of MSNs as promising drug delivery systems,
enabling tailored approaches to meet specific therapeutic needs.

3. Characterization of MSNs
3.1 Morphological characterization of mesoporous silica nanoparticles
3.1.1 Particle size

Surfactant, which may be charge or neutral, is utilized in aqueous solution to
generate mesoporous silica nanoparticles. Surfactant polymerizes silicates, an ester of
orthosilicic acid.

The following factors can affect how big and how shaped mesoporous silica
nanoparticles are:

* Hydrolysis rate.
* How well the constructed template interacts with the silica polymer.

* Source condensation of silica.

We can modify all of these variables by adjusting the pH and utilizing various
templates and co-solvents. Using a high concentration of template and hydrophobic
auxiliaries, Stucky et al. created hard mesoporous silica spheres with sizes rang-
ing from hundreds of microns to millimeters at the oil-water interface. The pace of
stirring is crucial in determining the particle size of MSNSs; if the rate is slow, lengthy
fibers are produced, whereas when the rate is fast, one powder is created. Impact of
pH on the morphology of MSNs shows that spherical mesoporous particles with a size
range of 1-10 m develop in mildly acidic conditions [29].

Although dynamic light scattering is currently favored, electron microscopy was
once utilized to measure the particle size of MSNs. MSNs are frequently employed
in the biomedical field because, while being smaller than eukaryotic cells, they can
function at the subcellular level. MSN interacts with living things like plants, animals,
and bacterial cells at both the extracellular and intracellular levels. Spherical MSNs are
less likely to be taken up by cancer and non-cancer cells than tubular ones on spheri-
cal and tubular MSNs on cancer and non-cancer cells [53].
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3.1.2 Pore sizge

The following variables are employed to regulate the pore shape of MSNs:
* Amount of surfactant and silica source.

* The surfactant’s capacity for packing.

Surfactant aggregation in solutions is influenced by pH and solution concentra-
tion. Different pore shapes are used to synthesize MSNs at both acidic and basic
pH levels. For instance, hexagonal structures are formed at basic pH, but lamellar
mesophases are synthesized at high pH (>12). By converting cylindrical channels
in an ionic liquid containing MSNs to twisted channels. During or after synthesis,
hydrothermal treatment is employed to modify the pore width. In order to produce
the required pore size, it is crucial to use a surfactant with varying hydrophobic chain
lengths or to use mesitylene as a swelling agent. Since additives have the ability to alter
the hydrophobic-hydrophilic equilibrium, further tuning is necessary for pore expan-
sion when applying them during synthesis. Mesitylene is utilized to increase the pore
size of MSNs from 3 to 5 nm without changing the particle size, and these MSNs with
larger pores are then used as a delivery system for proteins that are membrane imper-
meable to cancer cells [54]. To enhance pore size without altering the morphology of
pre-formed particles, a freshly synthesized material is subjected to autogenic pressure
during post-synthesis at temperatures between 373 K and 423 K with or without
additions. By combining a fluorocarbon-based and polymer-based surfactant. X-ray
diffraction and transmission electron microscopy (TEM) are used to measure the
pore structure of MSNs, and nitrogen sorption is used to calculate the pore diameter.
The lamellar p2 (MCM-50), the 3D cubic [a3d, and the 2D hexagonal p6m (MCM-
41) are the three most prevalent mesophases in silicas with pore sizes between 2 and
5 nm, respectively. This is comparable to the discovery of large pore size 6-20 nm
MSNs with 2D hexagonal pém [55].

3.1.3 Surface area

The number of medicinal drugs absorbed depends primarily on the surface area
of the MSNs. Two distinct methods are utilized to adjust the amount of medication
integrated into the matrix: raising or reducing the surface area and changing the
surface drug affinity. This shows that the relationship between surface area and drug
absorption is direct. Surface area (SBET value) 1157 m? g’1 and SBA-15 with surface
area value 719 m” g' are used to create MCM-41. When alendronate is loaded in MSNs
under the identical circumstances, MCM-41 and SBA-15 each receive 139 mg g'1 of
the medication. It suggests that the relationship between surface area and maximum
drug loading is strong [56].

3.1.4 Pore volume

When the surface area is around 1000 * g™* and the pore size is smaller than 15 nm,
the pore volume is typically in the range of 2 cm” g™'. Poor drug-drug interactions
can cause pore illness while drug interactions with mesopores are a surface phe-
nomenon. The pore volume can be used to calculate the amount of drug adsorbed.
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Drug-intermolecular interactions inside the pore width are amplified when drugs are
repeatedly loaded into mesopores in ordered mesoporous material. It suggests that the
relationship between pore volume and the amount of drug loaded is linear.

Based on the size of their pores, mesoporous materials fall within the category of
porous materials. Micro, meso, and microporous are the three categories that can be
used to classify the three types of pores. Mesoporous materials typically have pores
with a diameter between 2 and 50 nm. Usually, silica is formed around template
micelle assemblies to manufacture these materials, and then the templates are removed
by calcination. Mesoporous materials’ use as drug delivery vehicles has now been
expanded due to their distinct pore size, large surface area, and high pore volume. By
employing several types of templates and altering the reaction parameters, the pore
size of the mesoporous material for such an application can be adjusted. Mesoporous
silica nanoparticles (MSN) are stable and expanded mesopores produced by organized
mesoporous materials based on silicates produced by sol-gel and hydrothermal synthe-
sis. MSNs are renowned for having excellent characteristics like uniformly shaped
pores with well-defined diameters. In addition, altering the template molecule’s
length can change the pore size of MSNs. By altering the silica sources, surfactants,
or reaction parameters, such as temperature, aging time, mole ratio of reactants, and
medium pH, a new mesoporous system can also be created [57]. Tetraethyl orthosili-
cate (TEOS), a precursor to silica, is soluble in alcohol but not in water, hence ethanol
is typically used as a homogenizing agent in the reaction. Tetrakis(2-hydroxyethyl)
orthosilicate (THEOS), a novel silica precursor with ethylene glycol as a water-soluble
residue, was developed to address this problem [58]. THEOS is hydrolyzed into glycol
and silicic acid when dissolved in water, and these two substances eventually condense
to form silica. The advantage of using THEOS for structured silica fabrication is
that it is an environmentally benign technique because the produced silica is readily
hydrolyzed and polymerized at neutral pH conditions and can go through jellification
at room temperature [59, 60]. Additionally, THEOS as a precursor for silica synthesis
only releases glycol rather than alcohols, making it more biocompatible [61].

3.2 Structural characterization of mesoporous silica nanoparticles

Mesoporous nanoparticles have a sizable framework, a porous structure, and a
sizable quantity of surface area that allow for the attachment of numerous functional
groups for targeting the drug moiety. Chemically, MSNs have a structure resembling a
honeycomb and an active surface.

Mesoporous silica nanoparticles (MSNs) combine the benefits of nanomaterials
with mesoporous silica materials. This class of materials is characterized by large sur-
face areas, controllable pore size, and ordered pore structures. Particle size, morphol-
ogy, pore size, and mesostructured can all be controlled through study; a new class of
stimuli-responsive aminated MSNs with shape-shifting behavior is introduced. MSNs
can change shape by being vacuum-dried from water-rich solvents, being evaporated
at high humidity for MSN suspensions in ethanol, or being exposed to water vapor
in solid form for 24 h. With the loss of mesostructured long-range hexagonal order,

a decrease in surface area and mesopore volume, an increase in micropore volume,
and further condensation of the silica matrix, animated MSNs’ cross-sectional shapes
can change from hexagonal to six-angle stars under these conditions. Finally, a class
of quasicrystalline MSNs’ synthesis and thorough characterization are addressed.
Dodecagonal (12-fold) symmetry is present in these MSNs, which have particles
smaller than 100 nm [62].
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High surface area, huge pore volume, and consistent and controllable pore size
are characteristics of mesoporous silica materials. Because silica is safe, has chemical
stability, and can be combined with other materials, it has attracted interest from a
variety of fields, including biorelated ones. Nano-sized ordered mesoporous silica
particles are one such example.

It has taken a lot of work to create mesoporous silica particles with various shapes,
functions, and sizes. On the other hand, the creation mechanism of these particles has
received relatively little attention in investigations to date.

The production and characterization of ordered mesoporous silica nanoparticles
with and without incorporated magnetic nanoparticles are covered in the first
section. By recording particle production at various times during the synthesis, the
formation mechanism of silica nano composites is examined. To describe the struc-
ture evolution of the resultant materials, transmission electron microscopy (TEM)
and small angle x-ray scattering (SAXS) are combined. Ordered mesoporous silica
nanoparticles are given additional functionalities by the addition of organic moieties
to the silica matrix. However, it frequently results in pore blockage or an unorganized
pore structure.

X-ray diffraction (XRD-Pan Analytical X’Pert Pro) was used to determine the
crystalline structure, and Fourier transform infrared (FTIR-Thermo Scientific Nicolet
IS10) was used to assess the chemical bonding. Microscop electron (SEM-FEI Inspect
S50 and TEM) microstructure examination was conducted. Using a Quantochrome
surface analyzer and the Brunauer Emmett-Teller (BET) Nitrogen adsorption-

desorption method, the specific surface area, pore size, and pore distribution were
calculated [63].

4. Surface modification of MSNs
4.1 Functionalization of mesoporous silica nanomaterials

Surface changes have been made for the silica nanoparticles expansion in the
bio-domain. By doing so, it is possible to improve biocompatibility, avoid non-specific
adsorption, and supply functional groups for future biomolecule conjugation activi-
ties. Layer by layer self-assembly (LSA) and chemical surface functionalization are
the two most popular surface modifications. The integration of the mesoporous
silica nanoparticles during the manufacture of metal or metal oxide nanocrystals can
functionalize them. To produce a metal-functionalized silica, a surfactant solution
(such as hexadecyltrimethylmonium bromide) must be mixed with a heterogeneous
mixture made up of the surfactant-coated metal nanocrystals in an organic solvent.
As aresult, gold, silver, and iron oxide are embedded into the mesoporous silica. Next,
asilicate source is added to the mixture to enhance the condensation reaction. These
functionalized systems can exhibit a variety of bio-activities, such as antibacterial
activity, which is guaranteed by the presence of dissolved metallic ions [64].

Research has been made to create colloidal core-shell mesoporous silica with vari-
ous linear PEG (polyethylene glycol) modifications in order to assess the significant
impact of various functionalization techniques. Because the PEG matrix is present on
the surface of the nanomaterial, silica functionalization can reduce the degradation
rate compared to unfunctionalized ones. PEG is hydrophilic, which prevents proteins
from adhering to it and minimizes undesirable interactions between the physiological
environment and Nano silica. In other studies, silica surface functionalization with
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hydroxyl, carboxyl, and PEG groups was highlighted. The nanomaterials were largely
removed by the renal pathway according to in vivo optical measurements from the
urinary bladder, demonstrating that these alterations are independent of the renal
clearance. In contrast to the hydroxyl and carboxyl derivates, PEG showed longer
blood circulation and reduced liver absorption [65].

The silica functionalization of SBA-15 was the subject of numerous studies. Kim
et al. investigated the biodegradation of functionalized SBA-15, modified with hydroxyl,
amine, and carboxyl moieties on the surface, in order to assess the impact of surface
functionalization onto deterioration behavior. The least amount of degradation was pres-
ent in the carboxyl functionalized silica. According to these studies, the SBA-15 surface
functionalization reduces the degradation rate compared to neat silica, highlighting
the possibility that the functionalization may affect silica shell corrosion by interacting
with the cations in biological media and thereby slowing the SBA-15 clearance rate. The
therapy is typically digested through adsorption, and the mesoporous silica nanopar-
ticles are typically charged by immersion in the active component solution. When the
silica surface is functionalized, the cargo can be released in a controlled manner only at
the specific damaged tissue; there is no evidence of a premature release into the blood-
stream, which minimizes any unwanted side effects and boosts therapeutic effectiveness.
The functionalization of SBA-15 mesoporous silica with amino groups from organic
amines (aminopropyl triethoxysilane) for the transport of bioactive coordination
complexes. The hydrophobic contact with the hydrophobic active principle improved
as aresult of a linkage between the functional groups from the coordination compound
and the amino groups from the silica surface. The rate of medication release will increase
once sialylation has been reduced via amination [66].

5. Applications of mesoporous silica nanoparticles (MSNs)
5.1 Drug delivery

Different therapeutic agents, including chemotherapy drugs, small interfering
RNA (siRNA), or photo-thermal agents, can be loaded into MSNs. The high drug
loading capacity and controlled release made possible by the mesoporous structure
increase the efficacy of cancer treatment. Additionally, targeting delivery to particu-
lar cancer cells is made possible by functionalizing the MSNs’ surface, which mini-
mizes off-target effects [67].

5.2 Imaging

Imaging agents, such as fluorescent dyes, magnetic nanoparticles, or radioactive
isotopes, can be added to MSNs. This enables non-invasive imaging of tumor sites,
tracking of nanoparticle dispersion, and tracking of therapeutic response. The large
surface area of MSNs also enables multi-modal imaging, which combines various
imaging modalities for improved diagnostic precision [68].

5.3 Photothermal therapy

MSNs can be used for photothermal therapy by incorporating photothermal
agents, such as gold or carbon nano-materials, into them. The photothermal agents
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produce heat when exposed to near-infrared (NIR) light, selectively ablating cancer
cells while sparing healthy tissue. MSNs’ mesoporous structure makes it easier to load
and deliver photothermal agents to tumor sites effectively [69].

5.4 Combination therapy

MSNs may be made to carry several different therapeutic agents, allowing for the
use of combination therapy strategies. Combinations of chemotherapeutic drugs,
photothermal agents, immunotherapeutic agents, or gene therapy agents may be
used in this. By focusing on multiple pathways involved in cancer progression, these
combination therapies have the potential to increase treatment efficacy [70].

5.5 Biosensing and early detection

Functionalized MSNs may be used in biosensing applications to identify particular
cancer biomarkers or abnormal cellular processes. These nanoparticles have the abil-
ity to bind to target molecules with preference, producing a discernible signal. Early
cancer biomarker detection can help with prompt diagnosis and enhance treatment
outcomes [71].

5.6 Theranostic nanoplatforms

By combining various functionalities, MSNs can act as adaptable theranostic
nanoplatforms. For instance, a single MSN system can be designed to combine photo-
thermal therapy, imaging, and drug delivery capabilities, enabling individualized and
accurate cancer treatment.

Although MSNs show great promise in cancer theranostics, more research is still
needed to improve their design, increase the effectiveness of their targeting, improve
biocompatibility, and guarantee long-term safety. In the coming years, it is antici-
pated that the clinical translation of MSN-based theranostics will advance as a result
of ongoing research in this field [72].

5.7 Catalysis

Mesoporous silica nanoparticles (MSNs) have demonstrated great potential as
catalysts in a number of catalytic reactions, including reaction number seven. MSNs
are appealing for catalytic applications due to their distinctive structural characteris-
tics, such as their high surface area, large pore volume, and tunable pore size [73-76].
The following are some significant uses of MSNs in catalysis:

5.7.1 Heterogeneous catalysis

To catalyze a variety of reactions, MSNs can be functionalized with different
catalytic species, such as metal nanoparticles or metal complexes. Mesoporous
channels in MSNs enable effective mass transport of reactants and products,
and their large surface area and pore structure provide a sufficient number of
active sites for catalytic reactions. In reactions like oxidation, hydrogenation, and
selective organic transformations, heterogeneous catalysis using MSNs has been
investigated.
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5.7.2 Enzyme immobilization

MSNs can effectively support the immobilization of enzymes, enabling the cre-
ation of enzyme-based catalysts. Improved stability, reusability, and ease of separa-
tion from the reaction mixture are all displayed by enzymes immobilized on MSNs.
This makes it possible for enzymatic catalysis in a variety of bio-catalytic processes,
such as enzyme-mediated transformations and the creation of biofuels.

5.7.3 Chiral catalysis

To make enantioselective catalysts, MSNs can be functionalized with chiral
ligands or chiral metal complexes. These catalysts allow for asymmetric catalysis,
which allows for the selective production of particular enantiomers of a compound.
Enantiomer separation and effective chiral transformations are made possible by the
immobilization of chiral catalysts on MSN.

5.7.4 Photo-catalysis

To enable photo-catalytic reactions, MSNs can be modified with photo-catalytic spe-
cies, such as semiconductor nanoparticles (such as TiO2, and ZnO). MSNs’ mesoporous
structure facilitates the interaction of photo-catalysts and reactants and enables effective
light harvesting. For uses like water splitting, pollutant degradation, and organic synthe-
sis when exposed to light, photo-catalytic MSNs have been investigated.

5.7.5 Acid-base catalysis

By modifying the surface chemistry of MSNs, acid or base sites can be added,
enabling acid-base catalysis. Bronsted or Lewis acid-base sites can be created on the
surface of MSNs by grafting functional groups like -SO3H or -NH2. Aldol condensa-
tion, trans-esterification, and other reactions have all used MSNs with acid-base
functionalities.

The use of MSNs in catalysis offers several advantages, including high catalytic
activity, improved selectivity, and recyclability. However, challenges still exist, such
as optimizing the catalyst loading, stability under reaction conditions, and mass
transfer limitations. Further research is focused on the development of novel MSN-
based catalysts and their integration into practical catalytic processes.

6. Toxicity and biocompatibility
6.1 Toxicity

Before using mesoporous silica nanoparticles (MSN) in biomedical applications, it
is essential to assess their toxicity [77-79]. MSN's toxicity can change depending on the
biological system being studied as well as factors like particle size, surface characteristics,
shape, and surface charge. Here are some key points regarding the toxicity of MSN:

6.1.1 Physicochemical characteristics

MSN’s toxicity can be greatly influenced by its physicochemical characteristics,
such as particle size, surface charge, and surface functionalization. Due to their
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improved interactions with cellular components, smaller particles and particles with
larger surfaces may manifest increased toxicity.

6.1.2 Inflammatory response

MSN may cause the release of pro-inflammatory cytokines like interleukin-6
(IL-6) or tumor necrosis factor-alpha (TNF-alpha), which are indicative of an inflam-
matory response in cells or tissues. Long-lasting or excessive inflammation can have
cytotoxic effects and damaged tissue.

6.1.3 Effects that are dose-dependent

Like many other nanoparticles, MSN’s toxicity frequently shows a dose-dependent
relationship. MSN may have negligible or no negative effects at low concentrations,
but at higher concentrations, its toxicity may increase.

6.1.4 Cell type specificity

Depending on the cell type, exposure to MSN may have different effects. For
instance, some studies have indicated that compared to normal cells, some cancer cell
lines may be more vulnerable to the toxic effects of MSN. Thus, the toxicity of MSN
may vary depending on the type of cell being exposed.

6.1.5 Cellular uptake and internalization

MSN can enter cells via a number of different processes, including passive diffu-
sion or endocytosis. The extent of cellular uptake can influence the toxicity of MSN,
as internalized nanoparticles may interact with cellular components and induce
specific responses.

6.1.6 Reactive oxygen species (ROS) generation

MSN can produce ROS that can cause oxidative stress in cells, such as hydrogen
peroxide or superoxide radicals. Increased ROS levels have the potential to be cyto-
toxic by damaging cellular components like proteins, lipids, and DNA.

6.1.7 Biodistribution and systemic effects

MSN can interact with different organs and tissues while dispersing throughout
the body when taken systemically. When evaluating MSN’s toxicity and potential
long-term effects on various organ systems, the biodistribution of MSN is a crucial
factor to consider.

6.2 Biocompatibility
6.2.1 IN-VIVO studies

Due to their potential use in drug delivery, imaging, and diagnostics, mesopo-
rous silica nanoparticles (MSN) have drawn a lot of interest in biomedical research.
Before MSN is put to use in clinical settings, biocompatibility studies are essential for
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determining its safety and effectiveness. MSN interactions with living organisms are
examined in vivo studies, particularly in terms of biocompatibility, bio-distribution
and potential toxicity [80-83].

Animal models like mice, rats, or non-human primates are frequently given these
nanoparticles in biocompatibility studies of MSN. Depending on the intended use,
the nanoparticles can be given through a variety of routes, such as intravenous injec-
tion, oral administration, or inhalation. The animals are then observed for a predeter-
mined amount of time to evaluate any negative effects or biological reactions.

To evaluate the biocompatibility of MSN, several aspects are typically investigated:

6.2.1.1 Acute and chronic toxicity

Animals are watched closely for any indications of acute toxicity, such as modifica-
tions in behavior, body weight, or organ function. Studies on chronic toxicity examine
the long-term consequences of MSN exposure, such as possible organ accumulation,
inflammation, or organ dysfunction.

6.2.1.2 Bio-distribution

To comprehend the uptake, localization, and clearance mechanisms of MSN, the
distribution of MSN in various organs and tissues is examined. The distribution of
nanoparticles can be seen and measured using methods like fluorescence imaging,
electron microscopy, and radiolabeling.

6.2.1.3 Immunological response

To determine any potential immune toxicity, the immune response induced by
MSN is examined. To ascertain whether MSN causes an inflammatory response or
immune cell activation, immune cells, cytokine levels, and histological analysis of
immune-related organs are examined.

6.2.1.4 Organ-specific effects

To assess any potential harm or dysfunction brought on by MSN, specific organ
systems, such as the liver, kidneys, lungs, and spleen, are carefully examined. It is
common practice to evaluate tissue morphology and spot any anomalies through
histopathological analysis.

6.2.1.5 Metabolism and excretion

To comprehend the biotransformation and excretion pathways of MSN, the
metabolic fate of the substance is investigated. To determine their potential toxicity,
metabolites and degradation products are examined.

6.2.2 IN-VITRO studies

For mesoporous silica nanoparticles (MSN), in-vitro studies are a crucial part of
biocompatibility evaluations. Insights into their potential toxicity, cellular uptake
mechanisms, and biological responses can be gained from these studies by analyzing
the interactions between MSN and various biological components at the cellular and
molecular levels [84-89].
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Here are a few typical in vitro techniques for evaluating MSN’s biocompatibility:

Tests for cytotoxicity and cell viability: These tests examine the viability, prolifera-
tion, and metabolic activity of cultured cells after they have been exposed to MSN.
The MTT assay, the Cell Counting Kit-8 (CCK-8) assay, or the lactate dehydrogenase
(LDH) release assay are examples of frequently used assays. Potential side effects may
be indicated by any appreciable decrease in cell viability or rise in cytotoxicity when
compared to control groups.

6.2.2.1 Cellular uptake and internalization

In vitro studies investigate the interactions between MSN and cells, including
the internalization processes and intracellular fate of MSN. To see and measure the
uptake of MSN by cells, techniques like fluorescence microscopy, flow cytometry, or
electron microscopy can be used.

6.2.2.2 Inflammatory response

The ability of MSN to cause an inflammatory response is determined by monitor-
ing the release of pro-inflammatory cytokines by immune cells or other pertinent cell
types, such as interleukin-6 (IL-6) or tumor necrosis factor-alpha (TNF-alpha). To
measure the expression of cytokines, real-time PCR or enzyme-linked immunosor-
bent assays (ELISA) are frequently used.

6.2.2.3 Oxidative stress assessment

MSN may produce reactive oxygen species (ROS) inside of cells, which causes
oxidative stress. Studies conducted in vitro measure oxidative stress markers like lipid
peroxidation, superoxide dismutase activity, intracellular ROS levels, and other anti-
oxidant enzyme activities. These analyses aid in assessing the possibility of oxidative
damage brought on by MSN.

6.2.2.4 Genotoxicity and DNA damage

In vitro genotoxicity assays, such as the micronucleus assay or the comet assay,
assess the likelihood that MSN will result in genomic instability or DNA damage in
cells. The results of these tests shed light on the potential long-term consequences of
MSN exposure.

6.2.2.5 Cell-specific assays

Additional cell-specific assays may be carried out depending on the intended use
of MSN. Studies may assess the release of encapsulated drugs, therapeutic efficacy,
or particular cellular reactions to the delivered cargo, for instance, if MSN is intended
for drug delivery.

7. Conclusions

MSNs offer unique properties that make them highly attractive for drug delivery
systems. Their high surface area, tunable pore size, and excellent biocompatibility
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make them suitable for efficient encapsulation, controlled release, and targeted
delivery of therapeutic agents.

The chapter discusses various synthesis methods for MSNs, including template-
assisted synthesis, sol-gel method, co-condensation method, and other approaches.
Each method offers specific advantages and allows for the customization of MSNs
with desired characteristics. The characterization techniques for evaluating MSNs,
such as morphological, structural, and chemical characterization, are also presented,
emphasizing the importance of assessing the quality and functionality of these
nanoparticles.

Surface modification of MSNs is explored, highlighting the strategies for func-
tionalizing surface groups, attaching targeting ligands, and modifying surface charge.
These modifications enable improved interactions with specific cells or tissues,
enhancing the efficacy and specificity of drug delivery.

The chapter further discusses the diverse applications of MSNs, focusing on can-
cer theranostics, drug delivery, imaging, biosensing, and catalysis. MSNs show great
potential in revolutionizing these areas by enabling precise drug delivery, multimodal
imaging, sensitive biosensing, and efficient catalytic reactions.

Toxicity and biocompatibility of MSNs are addressed, covering in vitro and in vivo
studies that evaluate the safety and efficacy of these nanoparticles. The understand-
ing of their biocompatibility is essential for their successful translation into clinical
applications.

Finally, the chapter concludes by highlighting future research directions in the
field of MSNs. Ongoing research aims to improve the design and fabrication of MSNs,
enhance their drug loading and release capabilities, explore new applications, and
address any potential challenges related to toxicity and biocompatibility. The signifi-
cant potential of MSNs in advancing drug delivery systems is underscored, emphasiz-
ing their role in the development of innovative and targeted therapeutic strategies.

Acknowledgements

The authors would like to express their sincere gratitude to the Management of
RSM’s N. N. Sattha College of Pharmacy, Ahmednagar, for providing the necessary
resources and support for the completion of this work. We would also like to acknowl-
edge the valuable contributions of our colleagues who provided insightful discussions
and suggestions throughout the research process.

Conflict of interest

The authors declare no conflict of interest.

20



Fabrication of Mesoporous Silica Nanoparticles and Its Applications in Drug Delivery
DOI: http://dx.doi.org/10.5772/intechopen.112428

Author details

Vishal Pande™, Sachin Kothawade!, Sharmila Kuskar', Sandesh Bole! and
Dinesh Chakole?

1 RSM’s N.N. Sattha College of Pharmacy, Ahmednagar, MH, India
2 Pacific Academy of Higher Education and Research University, Udaipur, India
*Address all correspondence to: drvishalpande@gmail.com

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

21



Nanofabrication Techniques — Principles, Processes and Applications

References

[1] Porrang S, Davaran S, Rahemi N,
Allahyari S, Mostafavi E. How advancing
are mesoporous silica nanoparticles? A
comprehensive review of the literature.
International Journal of Nanomedicine.
2022;2022:1803-1827. DOI: 10.2147/1JN.
S353349

[2] PuX, Li]J, Qiao P, Li M, Wang H,
Zong L, et al. Mesoporous silica
nanoparticles as a prospective and
promising approach for drug delivery
and biomedical applications. Current
Cancer Drug Targets. 2019;19(4):285-
295. DOI: 10.2174/15680096196661
81206114904

[3] Rey-Raap N, Menéndez JA,

Arenillas A. RF xerogels with tailored
porosity over the entire nanoscale.
Microporous and Mesoporous Materials.
2014;195:266-275. DOI: 10.1016/j.
micromeso.2014.04.048

[4] Bagheri E, Ansari L, Abnous K,
Taghdisi SM, Charbgoo F, Ramezani M,
et al. Silica based hybrid materials for
drug delivery and bioimaging. Journal
of Controlled Release. 2018;277:57-76.
DOI: 10.1016/jjconrel.2018.03.014

[5] Chen W, Glackin CA, Horwitz MA,
Zink JI. Nanomachines and other caps on
mesoporous silica nanoparticles for drug

delivery. Accounts of Chemical Research.

2019;52(6):1531-1542. DOI: 10.1021/acs.
accounts.9b00116

[6] Alyassin Y, Sayed EG, Mehta P,
Ruparelia K, Arshad MS, Rasekh M,

et al. Application of mesoporous silica
nanoparticles as drug delivery carriers
for chemotherapeutic agents. Drug
Discovery Today. 2020;25(8):1513-1520.
DOI: 10.1016/j.drudis.2020.06.006

[7] Stephen S, Gorain B, Choudhury H,
Chatterjee B. Exploring the role of

22

mesoporous silica nanoparticle in the
development of novel drug delivery
systems. Drug Delivery and Translational
Research. 2021;2021:105-123.

DOI: 10.1007/513346-021-00935-4

[8] Radhakrishnan D, Mohanan S,

Choi G, Choy JH, Tiburcius S, Trinh HT,
et al. The emergence of nanoporous
materials in lung cancer therapy.
Science and Technology of Advanced
Materials. 2022;23(1):225-274.

DOI: 10.1080/14686996.

2022.2052181

[9] Singh LP, Bhattacharyya SK, Kumar R,
Mishra G, Sharma U, Singh G, et al. Sol-
gel processing of silica nanoparticles and
their applications. Advances in Colloid
and Interface Science. 2014;214:17-37.
DOI: 10.1016/j.cis.2014.10.007

[10] Long R, Zhou S, Wiley B]J,

Xiong Y. Oxidative etching for controlled
synthesis of metal nanocrystals: Atomic
addition and subtraction. Chemical
Society Reviews. 2014;43(17):6288-6310.
DOI: 10.1039/C55C01947H

[11] Li H, Chen X, Shen D, Wu F,
Pleixats R, Pan J. Functionalized silica
nanoparticles: Classification, synthetic
approaches and recent advances in
adsorption applications. Nanoscale.
2021;13(38):15998-16016. DOI: 10.1039/
D1NR04048K

[12] AgrahariV, Burnouf PA, Burnouf T,
Agrahari V. Nanoformulation properties,
characterization, and behavior in
complex biological matrices: Challenges
and opportunities for brain-targeted
drug delivery applications and enhanced
translational potential. Advanced Drug
Delivery Reviews. 2019;148:146-180.
DOI: 10.1016/j.addr.2019.02.008



Fabrication of Mesoporous Silica Nanoparticles and Its Applications in Drug Delivery

DOI: http://dx.doi.org/10.5772/intechopen.112428

[13] Agrawal G, Agrawal R. Janus
nanoparticles: Recent advances in their
interfacial and biomedical applications.
ACS Applied Nano Materials.
2019;2(4):1738-1757. DOI: 10.1021/
acsanm.9b00283

[14] Zhu H, Zheng K, Boccaccini AR.
Multi-functional silica-based
mesoporous materials for simultaneous
delivery of biologically active ions

and therapeutic biomolecules.

Acta Biomaterialia. 2021;129:1-17.

DOI: 10.1016/j.actbio.2021.05.007

[15] Wuttke S, Lismont M, Escudero A,
RungtaweevoranitB,ParakW].Positioning
metal-organic framework nanoparticles
within the context of drug delivery-a
comparison with mesoporous silica
nanoparticles and dendrimers.
Biomaterials. 2017;123:172-183.

DOI: 10.1016/j.biomaterials.2017.01.025

[16] Croissant JG, Butler KS, Zink JI,
Brinker CJ. Synthetic amorphous silica
nanoparticles: Toxicity, biomedical and
environmental implications. Nature
Reviews Materials. 2020;5(12):886-909.
DOI: 10.1038/s41578-020-0230-0

[17] Maity A, Belgamwar R,

Polshettiwar V. Facile synthesis to tune
size, textural properties and fiber density
of dendritic fibrous nanosilica for
applications in catalysis and CO, capture.
Nature Protocols. 2019;14(7):2177-2204.
DOI: 10.1038/s41596-019-0177-z

[18] Lee EC, Nguyen CT, Strounina E,
Davis-Poynter N, Ross BP. Structure-
activity relationships of GAG
mimetic-functionalized mesoporous
silica nanoparticles and evaluation of
acyclovir-loaded antiviral nanoparticles
with dual mechanisms of action.

ACS Omega. 2018;3(2):1689-1699.

DOI: 10.1021/acsomega.7b01662

[19] Zivojevié K, Mladenovié M,
Djisalov M, Mundzic M,

23

Ruiz-Hernandez E, Gadjanski I, et al.
Advanced mesoporous silica nanocarriers
in cancer theranostics and gene editing
applications. Journal of Controlled
Release. 2021;337:193-211. DOI: 10.1016/j.
jeonrel.2021.07.029

[20] Bikiaris DN. Solid dispersions, part
II: New strategies in manufacturing
methods for dissolution rate
enhancement of poorly water-soluble
drugs. Expert Opinion on Drug
Delivery. 2011;8(12):1663-1680.

DOI: 10.1517/17425247.2011.618182

[21] Slowing II, Vivero-Escoto JL,

Wu CW, Lin VS. Mesoporous silica
nanoparticles as controlled release drug
delivery and gene transfection carriers.
Advanced Drug Delivery Reviews.
2008;60(11):1278-1288. DOI: 10.1016/j.
addr.2008.03.012

[22] He Q, Shi J. Mesoporous silica
nanoparticle based nano drug delivery
systems: Synthesis, controlled drug
release and delivery, pharmacokinetics
and biocompatibility. Journal of
Materials Chemistry. 2011;21(16):5845-
5855. DOI: 10.1039/C0JM03851B

[23] Wu KC, Yamauchi Y. Controlling
physical features of mesoporous silica
nanoparticles (MSNs) for emerging
applications. Journal of Materials
Chemistry. 2012;22(4):1251-1256.
DOI: 10.1039/C1JM13811A

[24] Kong XP, Zhang BH, Wang J.
Multiple roles of mesoporous silica in safe
pesticide application by nanotechnology:
A review. Journal of Agricultural and
Food Chemistry. 2021;69(24):6735-6754.
DOI: 10.1021/acsjafc.1c01091

[25] Pérez-Page M, Yu E, Li], Rahman M,
Dryden DM, Vidu R, et al. Template-
based syntheses for shape-controlled
nanostructures. Advances in Colloid
and Interface Science. 2016;234:51-79.
DOI: 10.1016/j.cis.2016.04.001



Nanofabrication Techniques — Principles, Processes and Applications

[26] Zuo B, Li W, Wu X, Wang S, Deng
Q, Huang M. Recent advances in the
synthesis, surface modifications and
applications of core-shell magnetic
mesoporous silica nanospheres.
Chemistry—An Asian Journal.
2020;15(8):1248-1265. DOI: 10.1002/
asia.202000045

[27] Trewyn BG, Slowing II,

Giri S, Chen HT, Lin VS. Synthesis and
functionalization of a mesoporous
silica nanoparticle based on the sol-gel
process and applications in controlled
release. Accounts of Chemical Research.
2007;40(9):846-853. DOI: 10.1021/
ar600032u

[28] Kumar S, Malik MM, Purohit R.
Synthesis methods of mesoporous silica
materials. Materials Today: Proceedings.
2017;4(2):350-357. DOI: 10.1016/j.
matpr.2017.01.032

[29] Wu SH, Mou CY, Lin HP. Synthesis
of mesoporous silica nanoparticles.
Chemical Society Reviews.
2013;42(9):3862-3875. DOI: 10.1039/
C3CS35405A

[30] Chang B, Guo]J, Liu C, Qian],

Yang W. Surface functionalization of
magnetic mesoporous silica nanoparticles
for controlled drug release. Journal of
Materials Chemistry. 2010;20(44):9941-
9947. DOI: 10.1039/C0JM01237H

[31] Kajani AA, Rafiee L, Javanmard SH,
Dana N, Jandaghian S. Carbon dot
incorporated mesoporous silica
nanoparticles for targeted cancer
therapy and fluorescence imaging. RSC
Advances. 2023;13(14):9491-9500.

DOI: 10.1039/D3RA00768E

[32] Kamarudin NH, Jalil AA, Triwahyono
S, Salleh NF, Karim AH, Mukti RR, et al.
Role of 3-aminopropyltriethoxysilane

in the preparation of mesoporous silica
nanoparticles for ibuprofen delivery:

24

Effect on physicochemical properties.
Microporous and Mesoporous Materials.
2013;180:235-241. DOI: 10.1016/j.
micromeso.2013.06.041

[33] Moller K, Bein T. Talented
mesoporous silica nanoparticles.
Chemistry of Materials.
2017;29(1):371-388. DOI: 10.1021/acs.
chemmater.6b03629

[34] von Baeckmann C, Guillet-Nicolas R,
Renfer D, Kahlig H, Kleitz F. A toolbox
for the synthesis of multifunctionalized
mesoporous silica nanoparticles for
biomedical applications. ACS Omega.
2018;3(12):17496-17510. DOI: 10.1021/
acsomega.8b02784

[35] Estevao BM, Miletto I, Hioka N,
Marchese L, Gianotti E. Mesoporous
silica nanoparticles functionalized
with amino groups for biomedical
applications. ChemistryOpen.
2021;10(12):1251-1259. DOI: 10.1002/
open.202100227

[36] Chiu HY, G613l D, Haddick L,
Engelke H, Bein T. Clickable
multifunctional large-pore
mesoporous silica nanoparticles as
nanocarriers. Chemistry of Materials.
2018;30(3):644-654. DOI: 10.1021/acs.
chemmater.7b03472

[37] Talavera-Pech WA, Avila-Ortega A,
Pacheco-Catalan D, Quintana-Owen P,
Barrén-Zambrano JA. Effect of
functionalization synthesis type of
amino-MCM-41 mesoporous silica
nanoparticles on its RB5 adsorption
capacity and kinetics. Silicon.
2019;11:1547-1555. DOI: 10.1007/
§12633-018-9975-0

[38] Semeykina V, Zharov I. Medium
controlled aggregative growth as a key
step in mesoporous silica nanoparticle
formation. Journal of Colloid and
Interface Science. 2022;615:236-247.
DOI: 10.1016/jjcis.2022.01.166



Fabrication of Mesoporous Silica Nanoparticles and Its Applications in Drug Delivery

DOI: http://dx.doi.org/10.5772/intechopen.112428

[39] Lin CH, Chang JH, Yeh YQ,

Wu SH, Liu YH, Mou CY. Formation
of hollow silica nanospheres by
reverse microemulsion. Nanoscale.
2015;7(21):9614-9626. DOI: 10.1039/
C5NR01395]

[40] Singh B, Na J, Konarova M,
Wakihara T, Yamauchi Y, Salomon C,
et al. Functional mesoporous silica
nanomaterials for catalysis and
environmental applications. Bulletin
of the Chemical Society of Japan.
2020;93(12):1459-1496. DOI: 10.1246/
bcsj.20200136

[41] Liu J, Qiao SZ, Hu QH,

Lu GQ. Magnetic nanocomposites with
mesoporous structures: Synthesis and
applications. Small. 2011;7(4):425-443.
DOI: 10.1002/smll.201001402

[42] Douroumis D, Onyesom I,
Maniruzzaman M, Mitchell J.
Mesoporous silica nanoparticles in
nanotechnology. Critical Reviews in
Biotechnology. 2013;33(3):229-245.
DOI: 10.3109/07388551.2012.685860

[43] Thakur N, Manna P, Das J. Synthesis
and biomedical applications of
nanoceria, a redox active nanoparticle.
Journal of Nanobiotechnology.
2019;17(1):1-27. DOI: 10.1186/
s12951-019-0516-9

[44] Maleki A, Kettiger H,

Schoubben A, Rosenholm JM,
AmbrogiV, Hamidi M. Mesoporous
silica materials: From physico-chemical
properties to enhanced dissolution of
poorly water-soluble drugs. Journal of
Controlled Release. 2017;262:329-347.
DOI: 10.1016/jjconrel.2017.07.047

[45] Akartuna I, Studart AR, Tervoort E,
Gauckler LJ. Macroporous ceramics from
particle-stabilized emulsions. Advanced
Materials. 2008;20(24):4714-4718.

DOI: 10.1002/adma.200801888

25

[46] Medina-Sandoval CF,
Valencia-Davila JA, Combariza MY,
Blanco-TiradoC. Separationof asphaltene-
stabilized water in oil emulsions and
immiscible oil/water mixtures using

a hydrophobic cellulosic membrane.

Fuel. 2018;231:297-306. DOI: 10.1016/j.
fuel.2018.05.066

[47] Perro A, Coudon N, Chapel JP,
Martin N, Béven L, Douliez JP. Building
micro-capsules using water-in-water
emulsion droplets as templates. Journal
of Colloid and Interface Science.
2022;613:681-696. DOI: 10.1016/j.
jcis.2022.01.047

[48] Sheth T, Seshadri S, Prileszky T,
Helgeson ME. Multiple nanoemulsions.
Nature Reviews Materials. 2020;5(3):214-
228. DOI: 10.1038/s41578-019-0161-9

[49] Thompson KL, Mable CJ,

Lane JA, Derry M], Fielding LA,

Armes SP. Preparation of Pickering
double emulsions using block copolymer
worms. Langmuir. 2015;31(14):4137-
4144. DOI: 10.1021/acs.langmuir.5b00741

[50] Bang JH, Suslick KS. Applications
of ultrasound to the synthesis of
nanostructured materials. Advanced
Materials. 2010;22(10):1039-1059.
DOI: 10.1002/adma.200904093

[51] Yang Y, Song B, Ke X,

Xu F, Bozhilov KN, Hu L, et al. Aerosol
synthesis of high entropy

alloy nanoparticles. Langmuir.
2020;36(8):1985-1992. DOI: 10.1021/acs.
langmuir.9b03392

[52] Sharma N, Ojha H, Bharadwaj A,
Pathak DP, Sharma RK. Preparation and
catalytic applications of nanomaterials: A
review. RSC Advances. 2015;5(66):53381-
53403. DOI: 10.1039/C5RA06778B

[53] Zare I, Yaraki MT, Speranza G,
Najafabadi AH, Shourangiz-Haghighi A,



Nanofabrication Techniques — Principles, Processes and Applications

Nik AB, et al. Gold nanostructures:
Synthesis, properties, and neurological
applications. Chemical Society Reviews.
2022;51(7):2601-2680. DOI: 10.1039/
D1CS01111A

[54] Melero JA, Iglesias J, Morales G.

Designing porous inorganic architectures.

Heterogeneous Catalysts for Clean
Technology: Spectroscopy, Design,
and Monitoring. 2013;23:193-240.

DOI: 10.1002/9783527658985.ch8 3

[55] Wu L, Jiao Z, Wu M, Song T,

Zhang H. Formation of mesoporous
silica nanoparticles with tunable pore
structure as promising nanoreactor and
drug delivery vehicle. RSC Advances.
2016;6(16):13303-13311. DOI: 10.1039/
C5RA27422B

[56] Popat A, Hartono SB, Stahr F,

LiuJ, Qiao SZ, Lu GQ. Mesoporous silica
nanoparticles for bioadsorption,

enzyme immobilisation, and delivery
carriers. Nanoscale. 2011;3(7):2801-2818.
DOI: 10.1039/C1NR10224A

[571 ALOthman ZA. A review:
Fundamental aspects of silicate
mesoporous materials. Materials.
2012;5(12):2874-2902. DOI: 10.3390/
ma5122874

[58] Boissiere C, Larbot A, van der Lee A,
Kooyman PJ, Prouzet E. A new synthesis
of mesoporous MSU-X silica controlled
by a two-step pathway. Chemistry of
Materials. 2000;12(10):2902-2913.

DOI: 10.1021/cm991188s

[59] O'Brien S, Francis RJ, Fogg A,
O'Hare D, Okazaki N, Kuroda K. Time-
resolved in situ X-ray powder diffraction
study of the formation of mesoporous
silicates. Chemistry of Materials.
1999;11(7):1822-1832. DOI: 10.1021/
cm990044a

[60] Owens GJ, Singh RK, Foroutan F,
Alqaysi M, Han CM, Mahapatra C, et al.

26

Sol-gel based materials for biomedical
applications. Progress in Materials
Science. 2016;77:1-79. DOI: 10.1016/j.
pmatsci.2015.12.001

[61] Morales V, McConnell J,
Pérez-Garnes M, Almendro N, Sanz R,
Garcia-Mufioz RA. I-Dopa release from
mesoporous silica nanoparticles
engineered through the concept of
drug-structure-directing agents for
Parkinson's disease. Journal of Materials
Chemistry B. 2021;9(20):4178-4189.
DOI: 10.1039/D1TB00481F

[62] Kolimi P, Narala S, Youssef AA,
Nyavanandi D, Dudhipala N. A systemic
review on development of mesoporous
nanoparticles as a vehicle for transdermal
drug delivery. Nano. 2023;7(1):70-89.
DOI: 10.7150/ntno.77395

[63] Yorgun S, Vural N, Demiral H.
Preparation of high-surface area
activated carbons from Paulownia
wood by ZnCl, activation. Microporous
and Mesoporous Materials.
2009;122(1-3):189-194. DOI: 10.1016/j.
micromeso.2009.02.032

[64] Musa MA, Yin CY, Savory RM.
Analysis of the textural characteristics
and pore size distribution of a
commercial zeolite using various
adsorption models. Journal of Applied
Sciences. 2011;11(21):3650-3654.

DOI: 10.3923/jas.2011.3650.3654

[65] Wang S, Wang L, Yang T,

Liu X, Zhang ], Zhu B, et al. Porous
a-Fe203 hollow microspheres and

their application for acetone sensor.
Journal of Solid State Chemistry.
2010;183(12):2869-2876. DOI: 10.1016/j.
jssc.2010.09.033

[66] Xu MW, Zhao DD, Bao SJ, Li HL.
Mesoporous amorphous MnO, as
electrode material for supercapacitor.
Journal of Solid State Electrochemistry.



Fabrication of Mesoporous Silica Nanoparticles and Its Applications in Drug Delivery

DOI: http://dx.doi.org/10.5772/intechopen.112428

2007;11:1101-1107. DOI: 10.1007/
s10008-006-0246-4

[67] Liu F, Wang C, GaoY, Li X,

Tian F, ZhangY, et al. Current transport
systems and clinical applications for
small interfering RNA (siRNA) drugs.
Molecular Diagnosis & Therapy.
2018;22:551-569. DOI: 10.1007/
s40291-018-0338-8

[68] Lee N, Hyeon T. Designed
synthesis of uniformly sized iron
oxide nanoparticles for efficient
magnetic resonance imaging contrast
agents. Chemical Society Reviews.
2012;41(7):2575-2589. DOI: 10.1039/
C1CS15248C

[69] Zhi D, Yang T, O’hagan J, Zhang S,
Donnelly RF. Photothermal therapy.
Journal of Controlled Release.
2020;325:52-71. DOI: 10.1016/j.
jeonrel.2020.06.032

[70] Qin SY, Cheng Y], Lei Q, Zhang AQ,
Zhang XZ. Combinational strategy for
high-performance cancer chemotherapy.
Biomaterials. 2018;171:178-197.

DOI: 10.1016/j.biomaterials.2018.04.027

[71] Toy R, Bauer L, Hoimes C,
Ghaghada KB, Karathanasis E. Targeted
nanotechnology for cancer imaging.
Advanced Drug Delivery Reviews.
2014;76:79-97. DOI: 10.1016/j.
addr.2014.08.002

[72] Yang B, Chen'Y, Shi ]J. Mesoporous
silica/organosilica nanoparticles:
Synthesis, biological effect and
biomedical application. Materials
Science and Engineering: R: Reports.
2019;137:66-105. DOI: 10.1016/j.
mser.2019.01.001

[73] Sharma RK, Sharma S,

Dutta S, Zboril R, Gawande MB. Silica-
nanosphere-based organic-inorganic
hybrid nanomaterials: Synthesis,

27

functionalization and applications
in catalysis. Green Chemistry.
2015;17(6):3207-3230. DOI: 10.1039/
C5GC00381D

[74] Sharma RK, Dutta S, Sharma S,
Zboril R, Varma RS, Gawande MB. Fe;0,4
(iron oxide)-supported nanocatalysts:
Synthesis, characterization and
applications in coupling reactions. Green
Chemistry. 2016;18(11):3184-3209.

DOI: 10.1039/C6GC00864]

[75] Bhanja P, Modak A, Bhaumik A.
Supported porous nanomaterials as
efficient heterogeneous catalysts for
CO; fixation reactions. Chemistry: A
European Journal. 2018;24(29):7278-
7297. DOI: 10.1002/chem.201800075

[76] Shegavi ML, Bose SK. Recent
advances in the catalytic hydroboration
of carbonyl compounds. Catalysis
Science & Technology. 2019;9(13):3307-
3336. DOI: 10.1039/C9CY00807A

[771 Hosseinpour S, Walsh L], Xu C.
Biomedical application of mesoporous
silica nanoparticles as delivery systems: A
biological safety perspective. Journal of
Materials Chemistry B. 2020;8(43):9863-
9876. DOI: 10.1039/DOTB01868F

[78] Asefa T, Tao Z. Biocompatibility
of mesoporous silica nanoparticles.
Chemical Research in Toxicology.
2012;25(11):2265-2284. DOI: 10.1021/
tx300166u

[79] Hossen S, Hossain MK, Basher MK,
Mia MN, Rahman MT, Uddin MJ.
Smart nanocarrier-based drug delivery
systems for cancer therapy and toxicity
studies: A review. Journal of Advanced
Research. 2019;15:1-8. DOI: 10.1016/j.
jare.2018.06.005

[80] Chen K], Plaunt AJ, Leifer FG,
Kang JY, Cipolla D. Recent advances in
prodrug-based nanoparticle therapeutics.



Nanofabrication Techniques — Principles, Processes and Applications

European Journal of Pharmaceutics and
Biopharmaceutics. 2021;165:219-243.
DOI: 10.1016/j.ejpb.2021.04.025

[81] Attia MF, Anton N, Wallyn J,

Omran Z, Vandamme TF. An overview
of active and passive targeting strategies
to improve the nanocarriers efficiency to
tumour sites. Journal of Pharmacy and
Pharmacology. 2019;71(8):1185-1198.
DOI: 10.1111/jphp.13098

[82] Kumar R, Mondal K, Panda PK,

Kaushik A, Abolhassani R, AhujaR, et al.

Core-shell nanostructures: Perspectives
towards drug delivery applications.
Journal of Materials Chemistry B.
2020;8(39):8992-9027. DOI: 10.1039/
DOTBO01559H

[83] Deng F, Bae YH. Bile acid
transporter-mediated oral drug
delivery. Journal of Controlled Release.
2020;327:100-116. DOI: 10.1016/j.
jeonrel.2020.07.034

[84] Tang F, Li L, Chen D. Mesoporous
silica nanoparticles: Synthesis,
biocompatibility and drug delivery.
Advanced Materials. 2012;24(12):1504-
1534. DOI: 10.1002/adma.201104763

[85] Vivero-Escoto JL, Slowing II,
Trewyn BG, Lin VS. Mesoporous silica
nanoparticles for intracellular controlled
drug delivery. Small. 2010;6(18):1952-
1967. DOI: 10.1002/smll.200901789

[86] Argyo C, Weiss V, Brauchle C,
Bein T. Multifunctional mesoporous
silica nanoparticles as a universal
platform for drug delivery. Chemistry
of Materials. 2014;26(1):435-451.
DOI: 10.1021/cm402592t

[871 Hao N, Li L, Tang F. Shape-mediated
biological effects of mesoporous silica
nanoparticles. Journal of Biomedical
Nanotechnology. 201410, 10:2508-2538.
DOI: 10.1166/jbn.2014.1940

28

[88] HuB, Wang J, Li], Li S, Li H.
Superiority of L-tartaric acid modified
chiral mesoporous silica nanoparticle
as a drug carrier: Structure, wettability,
degradation, bio-adhesion and
biocompatibility. International Journal
of Nanomedicine. 2020;29:601-618.
DOI: 10.2147/1JN.S233740

[89] Li H, Wu X, Yang B, Li], Xu L,

Liu H, et al. Evaluation of biomimetically
synthesized mesoporous silica
nanoparticles as drug carriers:

Structure, wettability, degradation,
biocompatibility and brain distribution.
Materials Science and Engineering:

C. 2019;94:453-464. DOI: 10.1016/j.
msec.2018.09.053



