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Mesoporous silica nanoparticles (MSNs) have been advocated as nanocarriers for the treatment of various
diseases because of their physicochemical properties and biocompatibility. The use of MSNs combined with
therapeutic agents can provide better encapsulation and effective delivery. MSNs as nanocarriers might also be a
promising tool to lower the therapeutic dosage levels and thereby to reduce undesired side effects. Furthermore,
when combined with imaging compounds for diagnosis, they can be employed as theragnostic agents thus

allowing both imaging and therapy using the same nanoparticle.

drug delivery biomedical applications sol-gel biomedical imaging

| 1. Introduction

Nanoscience and nanotechnology have developed into the backbone of modern research in last years as a result
of the introduction of new and improved technologies. Ranging from basic to applied sciences, with a focus on
nanoengineering new materials, ! nanotechnology encompasses fundamental research, engineering and
technology and entails the modeling, construction, characterization and manipulation of matters’ properties at the

nano-scale.

Nanomaterials are typically identified as materials with at least one dimension in the range of 1-100 nm 2. Their
physical, chemical and biological properties might be completely different from those of bulk matter 2. The unique
features of these nanostructures are attributed to quantum confinement or surface effects [, which result in
interesting and potentially useful catalytic, magnetic, optical and electrical properties [Bl. Consequently,
nanomaterials have long been a subject of interest worldwide €, allowing for the development of a diverse range of
advanced materials that brings together the demands of high-tech and scientific applications B!, which are already

revolutionizing industries such as electronics, medicine and consumer products [,

Monitoring the size and shape of nanoparticles can help to improve their performance in specific applications
(Figure 1). Similarly, characteristics such as chemical composition, charge and the surface can be altered to suit
specific purposes. Additionally, functional groups, hydrophilicity, attachment and conjugation with targeting ligands

also comprise the essential parameters that need to be considered 8.
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Figure 1. Material, shape, size and surface properties play an important role on the biophysicochemical properties

of nanoparticles.

Nanomaterials can be broadly classified according to their organic or inorganic composition. Organic nhanomaterials
include polymeric nanostructures, dendrimers, lipid bilayers and virus and proteic particles, whereas inorganic
nanomaterials are composed of metals, oxides, nitrides, halides, carbonates and chalcogenides, to name some &,
Among the inorganic materials, nanosized silica has been extensively studied and employed in a wide range of

applications 19,

Silicon is widely distributed throughout the world, accounting for ca. 40% of all known minerals. It occurs naturally
in a variety of forms in the environment, most frequently in combination with oxygen (both amorphous and
crystalline) or hydroxides. Silicon is also found dissolved in the oceans in the form of silicic acid and in living
organisms, such as sponges, greases and algae (diatoms) (11, Silica also comprises one of the most complex and
abundant families of materials, occurring naturally in a variety of minerals (including quartz, flint, opal and silicates)
and as synthetic products (fused-quartz, fumed-silica, silica-gel, etc.). The Si atom exhibits tetrahedral coordination
within the majority of silicates, consisting of four oxygen atoms surrounding a central Si atom . Amorphous silica
is primarily prepared through simple manufacturing procedures on a large scale and its properties can be tailored
to a wide range of applications. Silica combines a high degree of chemical stability, low toxicity and high
biocompatibility with a plethora of possibilities for modifying its physical and chemical properties, as well as the
possibility of further modification via functional group coupling, binding of biomolecules or dye doping (2.
Therefore, monodispersed colloidal silica particles with uniform shape, size and composition have demonstrated
significant potential, not only in physical chemistry, being used to investigate the dynamic behavior and stability of

particulate systems, but also in industries, including pigments, photographic emulsions, ceramics, catalysts, etc.
(13,

Porous silica presents a customizable mesoporous structure and pore volume, as well as a high specific surface
area. These properties enable the encapsulation of a variety of compounds, including gas and heavy metal ion

adsorbents, bioimaging probes and therapeutic agents, such as drugs 24l In this respect, ordered mesoporous
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materials, such as the M41S family, comprise an emerging and significant class of inorganic oxides with enormous

potential for molecular sieving, catalysis and adsorption processes [2!,

Numerous researchers have described various synthetic methodologies for the preparation of mesoporous oxide
materials, proposing various mechanisms for the formation of their porous structures. Different factors influence the
porous structure formation and affect the size, distribution, and ordering of pores, including precursors (alkoxides,
metal salts, etc.), surfactants as structure-directing agents and reaction parameters (pH, temperature, etc.). Their
size and shape, which can, for instance, take the form of spheres, rods, or wormlike structures, can also be
controlled by adjusting the molar ratio of silica precursors and surfactants, the pH, adding co-solvents or organic
swelling agents and introducing alkoxysilane precursors 313l Notably, the fabrication of mesoporous silica

nanopatrticles is straightforward, scalable, economic and controllable.

| 2. Silica Nanoparticles

The use of SiO, nanoparticles (NPs) has increased in recent years, due to the diversification of their properties,
thus widening their potential applications. The ease of preparation and surface modification confer the material
versatility, being useful in a variety of fields, such as catalysis, semiconductors, pigments, pharmacy, electronics,
detergents, cosmetics and sensors. SiO, NPs can be grown to lead different nanostructures, namely solid
nanospheres and mesoporous and hollow silica nanoparticles (HSNs), also adopting diverse morphologies (cubic
systems, nanorods, etc.); the characteristics of the resulting particles being closely linked to the synthetic

approach.

2.1. Strategies for the Preparation of Silica NPs

Two main approaches, the viz. top-down and bottom-up techniques, have been proposed to obtain silica
nanoparticles. In the first one, the dimension of the original size is reduced by breaking down the constituents of
bulk materials. Conversely, the bottom-up method is commonly used to produce silica nanoparticles from the
atomic or molecular level to the nano-/micro-scale . Due to the advantages of the bottom-up approach, which
includes the ability to control the particle size and morphology, this is the strategy most widely employed for the
synthesis of inorganic nanostructures, including silica NPs. This protocol also leads to a narrower size distribution

through controlling the reaction parameters 11,

2.1.1. The Sol-Gel Method

The sol-gel approach entails the hydrolysis, followed by the condensation of alkoxide monomers into a colloidal

solution (sol), acting as the precursor to form an ordered network (gel) of polymer or discrete particles [L8IIL7I[18]

In 1956, Kolbe (22! described the formation of silica particles by reacting tetraethyl silicate in an alcoholic solution
containing water in the presence of certain bases. It was observed that, using very pure reagents, the reaction,

which proceeds slowly, leads to the formation of uniform spherical silica nanoparticles. Later, Stéber et al. 2%

https://encyclopedia.pub/entry/46877 3/24



Synthesis of Mesoporous Silica Nanoparticles | Encyclopedia.pub

developed a system that allowed the controlled growth of spherical silica particles with uniform sizes (50 nm-2 um)
via the hydrolysis of alkyl silicates and their subsequent condensation in low molecular-weight alcohols as the

solvent, while using ammonia as the morphological catalyst.

Generally, the formation of silica particles can be divided into two steps, namely nucleation and growth. To describe
the growth mechanism of silica, two models have been proposed. The monomer addition model predicts that the
particle growth occurs through the addition of other hydrolyzed monomers after an initial nucleation state. The
aggregation model describes that primary particles (nhuclei) aggregate together to form dimers, trimers and
progressively larger particles (secondary particles) . At the same time, the nature of the catalyst strongly
influences both the rate and mechanism of hydrolysis and condensation. In the case of an acid-catalyzed reaction,
the hydrolysis becomes faster than the condensation, resulting in the formation of numerous small silica particles.
Conversely, in the base-catalyzed reaction, the condensation proceeds much faster than the hydrolysis step,
leading to larger silica nanoparticles 2. The acid-catalyzed mechanisms are preceeded by the rapid deprotonation
of the substituents bonded to Si, whereas under basic conditions, the hydroxide ion serves as a nucleophile that

attacks the silicon atom center of the tetraalkoxysilane. The result of this step is a silanol and an alkoxide ion [2122],

In particular, the first step of hydrolysis induced by the acid catalyst is the electrophilic attack of the proton on an
oxygen atom of the silica precursor, leading to a positive charge on it. This attack makes the bond between the
silicon and the attacked oxygen (Si-O) more polarized and facilitates its cleavage, thus producing an alcohol as the
leaving group. Therefore, an increase in the water-to-alkoxide ratio increases the rate of hydrolysis 23, Following
the hydrolysis reaction, the condensation reaction occurs immediately 1. During the condensation, the proton
electrophilically attacks the oxygen of the silanol group. This phenomenon causes the oxygen of the silanol to
become positively charged and a siloxane bridge is formed because of condensation between both protonated and
unprotonated silanol groups 22 On the other hand, the base-catalyzed hydrolysis proceeds via a nucleophilic
attack of the hydroxyl group on the silicon atom of the alkoxide, while the subsequent release of an OR™ as the
leaving group is facilitated. On condensation, the hydroxyl group of intermediate [Si (OC,H,4)4—y (OH),] reacts with
either the ethoxy group of other alkoxysilanes (alcohol condensation) or the hydroxyl group of another hydrolysis
intermediate (water condensation) to form Si-O-Si bridges (Scheme 1) [21],
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Scheme 1. Hydrolysis and condensation in acidic and basic conditions.
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Numerous alkoxysilane precursors (Si(OR),) have been reported, including tetramethyl orthosilicate (TMOS) or
tetraethyl orthosilicate (TEOS) (Figure 2), which undergo hydrolysis and condensation reactions upon specific pH
conditions [24],
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Figure 2. Alkoxysilanes such as (a) tetramethoxysilane (TMOS) and (b) tetraethoxysilane (TEOS) are extensively

used to produce silica gels.

The hydrolysis step leads to the generation of silanol groups (Si-OH), the mechanism being mainly conditioned by
the catalyst, while its rate depends on the pH, the solvent used and the ratio of water-to-alkoxide. Since
alkoxysilanes are not soluble in water, organic co-solvents are required to facilitate hydrolysis. In the condensation
step, the silanol group interacts with an alkoxide or silanol group to form a strong siloxane bond (Si-O-Si), thus

resulting in the loss of one molecule of alcohol (ROH) or one molecule of water 23],

Silica particles are also synthesized via the sol-gel method using water-in-oil (W/O) emulsions. Reverse micelles in
oil reflect the size, shape and size distribution of the particles, as they act as templates for their growth 231, In the
case of reverse microemulsions, the surfactant molecules are dissolved in organic solvents to form spherical
micelles. In the presence of water, the polar head groups adopt the lowest energy position and organize to form
water-containing microcavities. During the synthesis, silica nanoparticles can be grown inside the reverse micelles
by controlling the addition of silicon alkoxides and the catalyst into the medium. The diffusion of the alkoxide into
water droplets outcome in hydrolysis of the alkoxide and the formation of alcohol and oxy-hydroxy-silicate species
(26l The main drawbacks of the reverse microemulsion approach are the high costs and the complications
associated with the removal of surfactants in the final products .

2.1.2. Other Methods

Until now, the sol-gel method has been the most straightforward and effective method for synthesizing
monodispersed silica spheres. However, over the years, numerous research groups have introduced
improvements in the hydrolysis method to achieve uniform shape and monodisperse distribution 3! and novel

routes have been explored for the preparation of silica nanoparticles that have short reaction times, excellent
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reproducibility and are simple to prepare [, Alternative processes worth mentioning include microwave,
ultrasound and evaporation-induced approaches, self-assembly (EISA), hydrothermal and solvothermal, or
oxidative processes, which have also been explored to optimize the production of pure silica particles [28l. Despite
the fact that a detailed explanation of each methodology is outside the scope of the present research, researchers

believe that energy-assisted syntheses present some unique benefits.

Energy-assisted approaches, namely the microwave- or ultrasound-induced formation of SiO, NPs represent
attractive, although not generalized, techniques to obtain functional nanostructures. Due to the characteristics of
the incident energy source (300 MHz—-300 GHz), microwave-assisted synthesis requires almost negligible working
times and yields high quality and reproducible NPs (in terms of size distribution and shape). The formation process
occurs due to the alignment with the electromagnetic field of the polar and/or charged molecules present within the
irradiated system, which, as an effect of the energy, increases its temperature (due to the vigorous agitation of the
species). The temperature gradient profile generated during the process is highly homogeneous, favoring aspects
as a high reaction yield by employing much shorter times than sol-gel methods or the formation of species with
narrow size distributions. The possibility of tuning the characteristics of the incident energy also allows controlling
the conditions of the system, thus improving the synthetic approach, such as for instance, reducing the times of the
reaction or enhancing the selectivity towards a selected material, therefore minimizing the need of further
purification steps for the removal of undesired products. Different Si precursors have been employed to obtain SiO,
nanospheres using microwave, for instance, TMOS in the presence of HCI as a catalyst. Noticeably, the approach
requires employing a solvent, such as acetone, which allows the absorption of the incident radiation by the
reactants. Thus, the SiO, NPs were obtained using times as short as 1 min and mild conditions (125 °C). The size
of the resulting NPs depends on the concentration, time of treatment and irradiation power 22, Despite the fact that
the protocol can be applied to a wide variety of nanostructures, the main drawbacks are related to the low
scalability of the approach or the poor homogeneity of the surface of the obtained NPs [22l. On the other hand,
taking advantage of the efficiency of the energy-assisted methodologies, a hybrid approach, consisting on the
combination of the well-known sol-gel protocol and ultrasound allowed controlling the size of the core NPs (d = 13
nm), thus confirming the versatility of the technique and the possibility of controlling the morphological

characteristics of the products 29,

2.2. Mesoporous Silica Nanoparticles

According to the IUPAC definition, porous materials can be classified into three groups based on their pore sizes,
namely microporous, mesoporous and macroporous ones, with corresponding pore diameters of <2 nm, 2-50 nm
and >50 nm, respectively B4,

In 1990, Yanagisawa et al. 32 reported the condensation of silicate layers to form a structure of 3D “nanoscale
pores” 331, The protocol, based on the intercalation of alkyltrimethylammonium cations into kanemite silicate,
followed by calcination (removal of organic species), led to the development of the characteristic MCM-41
mesoporous materials. On their basis, in 1992, Mobil Corporation Laboratories designated a new family of

amorphous and ordered mesoporous inorganic materials with exceptionally large and uniform pore conformations,
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narrow pore size distributions and large surface areas: the M41S (molecular 41 sieves) BUESIBE This family
includes two main groups: those with a three-dimensional interconnected porous structure (cubic-ordered pore
structure) designated as MCM-48 and those with a one-dimensional and hexagonally ordered pore structure,
known as MCM-41 and MCM-50, which have an unstable lamellar structure 223l Following their discovery,
significant efforts have been made to control the properties (particularly, the pore size and morphology) of
mesoporous silica. Through this research, in 1995, new families of mesoporous silica systems (MSS), namely
SBA, MSU and FSM, were developed [36] | ater, in 1998, the search for a mesoporous material with a hexagonal
array of pores resulted in the formation of the Santa Barbara Amorphous No.15 (SBA-15), a research gambit in
mesoporous material development 28, SBA-15 demonstrated large pore sizes (up to 30 nm), as well as thermal,
mechanical and chemical resistance, establishing it as the preferred mesoporous material for catalysis’

applications 231,

Among the mesoporous silica systems, MSNs offer outstanding advantages over non-porous silica nanoparticles,
such as large pore volume (0.6-1.5 cm?/g), high surface area (700-1000 m?/g), tunable particle sizes, tailorable
pore diameter (2-10 nm), high thermal, chemical and biological stabilities, ease of functionalization,
biodegradability and good biocompatibility BZ[E8 MSNs have a high rate of mass transport, a high affinity for
substrates and a high dispersibility in solutions B2, Additionally, they have two functional surfaces, the inner one,
which corresponds to the pore channels and the external surface, which is highly susceptible to be selectively
functionalized 49, The particle size, pore diameter and characteristics of the silica NPs depend on the synthesis
conditions 41, Some examples of silica NPs, analyzed by transmission electron microscopy, are illustrated in

Figure 3.

a)

Figure 3. Transmission electron microscopy (TEM) images of three spherical MSNs with different particle and pore
sizes: (a) 350 nm and 2—-3 nm of pore diameter, (b) 150 nm size and 2—3 nm pore diameter and (¢) 100 nm and 6—

8 nm pore diameters.

Silica spheres possessing nanopores of well-defined size and connectivity are of significant interest, for instance,
for the use in catalysis, chromatography, for the controlled release of drugs and as hosts for optically active

compounds “2.

2.2.1. Synthesis of Mesoporous Silica NPs
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Since their development, a variety of mechanisms have been proposed to explain the formation of MSNs . At the
most fundamental level, all of these models imply that supramolecular assemblies of surfactants serve as

templates for the formation of porous structures in the inorganic matrix 22,

Grun et al. reported the synthesis of MSNs with multiple dimensions, pore sizes, structures and morphologies
using a modified Stéber’s method 29231, Constant research has resulted in variations of the synthesis conditions
and methods to yield stable and monodisperse MSNs 8. Based on the previously detailed methodologies,
mesoporous silica spheres can be synthetized by introducing templating surfactants, such as

cetyltrimethylammonium bromide (CTAB).

Surfactant molecules are highly active components that progressively create more complex structures as
concentration increases, while seeking a state of equilibrium or minimum energy 2. At low concentrations, the
surfactants exist as single molecules. By increasing their concentration in aqueous solutions, these molecules
combine to form micelles to reduce the contact between the hydrophobic hydrocarbon chains and water, thus
reducing the surface tension. In general, a silicon alkoxide promotes the formation of the silica structure outside the
micelles and the presence of a catalyst facilitate the hydrolysis and condensation of silica precursors to form a
network of siloxane bonds 12l As an example, Figure 4 illustrates the formation of MCM-41. Initially, under a
certain concentration, the surfactant molecules are free in the medium. Once their concentration increases and
they reach the critical micelle concentration (CMC), the surfactants aggregate to form an isotropic micelle system.
The concentration process continues and hexagonal assemblies appear close together, resulting in the formation
of the hexagonal phases. The coalescence of adjacent, mutually parallel cylinders produces the lamellar phase.
The formation of a particular phase depends not only on concentrations, but also on pH, temperature, ionic
strength, solvent, the presence of other compounds, the nature of the surfactant itself (including the length of the
hydrocarbon chain), the hydrophilic head group and the counter ion, in the case of ionic surfactants 23, Finally, in
order to incorporate payloads into the pores, the surfactant channels might be removed by calcination or via

chemical treatment.
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Figure 4. Schematic representation of the mechanism of formation of MCM-41 using cetyltrimethylammonium

bromide (CTAB) as cationic surfactant.

Sol-Gel Process through Template-Assisted Technique

The template-assisted technique is the most popular formation mechanism for MCM-41, first postulated in 1992 by
the Mobil scientists. According to this mechanism, surfactant molecules, such as alkyltrimethylammonium salts,
form hexagonal arrays of micellar rods, which play a templating role (structure-directing agent). Afterwards, the
silicate species assemble in between the surfactant tubules through the sol-gel process to form the inorganic
framework 19441 Accordingly, the final product is a silicate skeleton that contains voids and mimics these
mesophases 33, Additionally, silica/surfactant mesophases are formed in the solution by one of two
complementary approaches: (1) the cooperative assembly of small silicate species with micelles and individual
surfactant molecules and (2) liquid crystal templating (LCT) of molecular inorganic species around a preformed,
spatially extended organic superstructure 42146l The silicate species added to the reaction mixture may influence
the ordering of the isotropic rod-like micelles to form the desired liquid crystal phase (hexagonal mesophase) 231,
On the other hand, the surfactant creates a hexagonal structure before the silica precipitates around this template,

forming the mesoporous structure 28,

In fact, hexagonal ordering may be mediated by the interaction of silicate species with surfactants and both, the
formation of surfactant liquid crystals and the assembly of silicate ions may occur simultaneously. It has been
hypothesized that, during the formation of cylindrical surfactant/silica aggregates, silicate ions enter the particle by
migrating from the surface toward the center of the particles (by a controlled diffusion process). Meanwhile, the
surfactant molecules must enter through the cylinders of the aggregates, resulting in a continuous increase in
organic content and channel diameter. This occurs more readily near the particle surface, where the network

tension is lower than in the center 24,
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Frasch and co-workers (7 proposed a similar model to the one reported by Cai et al. 48 in which
silicate/surfactants rod-micelles form in the first step and then pack together in an ordered fashion to form the

mesoporous nanoparticles 49,

Once the MSN structure has been obtained, removal of the surfactant or organic material is essential. This is
usually achieved by calcination or solvent extraction. In the case of calcination, the synthesized MSNs are heated
to temperatures between 300 °C and 600 °C [2148] However, at high temperatures, the particles can undergo
surface modifications. Specifically, the Si-OH bonds on the surface of the MSNs react to form siloxane bonds. This
constricts the surface and pores, modifying the pore size and making the particle more hydrophobic. Solvent
extraction can also be used but the conditions will depend on the surfactant nature and whether the reaction
occurred under acidic or basic conditions 21, For the synthesis of mesoporous materials by sol-gel processes,
different templates, such as cation surfactants, triblock copolymers and small organic molecules can be used as

structure-directing agents [18],

Beside the sol-gel/template assisted synthesis of MSNs, the most widely investigated approaches are the
microwave technology (which saves both energy and time, and the operation of the system is relatively simple) B,
hydrothermal and EISA. In all cases, it is necessary to introduce a templating agent to allow the formation of a
nanoporous structure, in which the characteristics of the cavities (size, shape, orientation, etc.) are related to the

configuration of the organic mold.

2.2.2. Factors Influencing the Size and Shape of Mesoporous Materials

The morphological and physicochemical properties of MSNs can be controlled by varying the synthesis conditions.
MSNs are primarily formed in an ordered fashion from surfactants under acidic, basic or neutral conditions, which
dictates their shape and size . MSNs can be synthesized using anionic, cationic, neutral surfactants or non-
surfactant template pathways . The diameter of the pores can be controlled by changing the length of the
template molecule. Size, shape and porosity can be tuned by changing the silica source (e.g., colloidal silica or
TEOS), surfactants (e.g., hexadecylamine (had) and cetyltrimethylammonium bromide (CTAB)), auxiliary
compounds, or reaction conditions (e.g., solvent, temperature, time, stirring speed, reactant mole ratio and pH of

the medium), thus affecting, at the same time, the properties and stability of the material [181123],

Morphology control is extremely important for several applications. Not only have a variety of spherical or quasi-
spherical MSNs with various porous and bulk properties been reported 42, but different morphologies, including
thin films, hexagonal prisms, spirals, dodecahedrons and hollow tubular shapes of mesoporous silica, have also
been synthesized. The main parameters for the synthesis of MSNs and their effects on particle properties are

summarized in Figure 5.
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Figure 5. Influence of key parameters on the physico-chemical and biological properties of MSNs.

pH

The hydrolysis and condensation rates of silica species are strongly pH-dependent, which dictates both the
reaction’s kinetics and the final network structure 23, Therefore, pH is an important parameter and plays a critical
role. It influences the synthetic chemistry of mesoporous materials, particularly affecting the charge of inorganic
precursor species and surfactant head groups and, consequently, their mutual interaction 7. At high pH values,
the negatively charged inorganic precursors interact preferentially with the positively charged groups of the
surfactants, resulting in condensation on the solid organic-inorganic mesoporous structures. In general, in a
strongly acidic medium, the rate of the hydrolysis of TEOS is faster than the condensation. By changing the pH, a
phase transformation of silica from the lamellar to the hexagonal phase has been reported 4. The formation
mechanism of mesophases under acidic and basic conditions is completely different because negatively charged
silicate ions act as counter ions above the isoelectric point (pH > pl~2.0), while below the isoelectric point,
positively charged silicate ions act as counter ions 1. In addition, the dissociation constant (pKa,) of the silanol
groups (Si-OH)—which are present at the silica surface—has been determined in the range 4-5.5, indicating the
dissociation of Si-OH groups, forming negatively charged Si-O~ groups at the surface of silica 52,

As shown in Figure 6, at pH values lower than the isoelectric point (pH ~2), the condensation is acid-catalyzed 53],
the silica species are also positively charged and the charge density increases as the pH decreases . At pH > 2,
the condensation rate increases with a pH up to about 7.5 B8l At this point, the silica species become negative and
the charge density of silicates increases along with increasing pH, due to the favored nucleophilic attack. At pH ~2—
7, silicates with a negative charge density tend to assemble with positively charged surfactants or neutral polymers
through hydrogen bonds and electrostatic interactions. Under alkaline conditions (pH >7.5), silicates with a high
negative charge density can only assemble with cationic surfactants by a single, but strong, electrostatic
interaction. From this point on, the condensation rate reaches a maximum and decreases for pH >7.5, due to the
gradual instability of the silicates at higher pH [2U54 Thus, the condensation reaction of silicates can be

represented as follows:

https://encyclopedia.pub/entry/46877 11/24



Synthesis of Mesoporous Silica Nanoparticles | Encyclopedia.pub

~Si~O™ + HO-Si— — —Si~0-Si— + OH™ (1)

IEP of silica Silica dissolves
A : |
| only I X2
| ssssssssscsccs) :.0
| 5 .‘::o
| X%
[ £
3 I 'iio
F : oo I
8 | x ‘:E' 2
- | S
W ' (I k :. .
= 55 =T1]
z - : S =
= | I': Si==0" o 2
8 i l ‘E:. U
8 1 Si==OH ,:E.
@ : I': Si=OH,*
| ‘EE-
2 l 2 l N l 2 l 2 l 2 l 2 l N l 2 l 'E:: '-: %
2 4 6 8 10 12

pH
Figure 6. Effect of pH on the silica condensation rate and silica surface charge properties.

The effect of pH on the morphology of MSNs was studied by Yang et al. 3. They demonstrated that, under mildly
acidic conditions, 1-10 um spherical mesoporous particles are formed. Furthermore, Voegtlin et al. (28 reported the
room temperature synthesis of MSNs at pH values ranging from 8.5 to 12. Finally, Chiang et al. B2 studied all the

parameters that can influence the particle size of MSNs, concluding that the pH played a key role 58,

Surfactant

Surfactant chemistry is critical for understanding the mesoporous structure formation. The pore size and structure,
pore walls, or phase and symmetry of the materials are governed by the nature of the surfactant. Surfactant
molecules have an amphiphilic nature, as they have a hydrophilic polar head group and a hydrophobic nonpolar
hydrocarbon tail, being an active agent in an aqueous solution and showing high affinity to the surfaces and
interfaces. Surfactants can be classified as anionic, cationic, zwitterionic and nonionic, according to the nature of
their polar head group 4. A homogenous spherical particle size distribution can be achieved at low concentration
of CTAB (as cationic surfactant). Cai et al. 8 generated MSNs with different shapes, such as spheres, rods and
micrometer-sized oblate silica by tuning the concentration of TEOS, NaOH/NH4OH and CTAB 18],

The pore width can also be adjusted, either during the synthesis or by post-synthesis hydrothermal treatments 22,
The pore size is mainly determined by the hydrophobic chain length of the surfactant. Different methods have been
described to control pore size by the addition of organic auxiliary molecules or by using swelling agents, such as

mesitylene, which solubilizes in the hydrophobic region, increasing the micellar size 24, For instance, substituting
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the dodecyltrimethylammonium ion for a hexadecyltrimethylammonium ion (commonly known as CTAB) produced
a sample of MCM-41 with 2-3 nm pore diameters 89, Since additives can generate an imbalance in the reaction
medium, post-synthesis hydrothermal treatment is an alternative to increase the pore size without inducing
changes in the size and morphology of the preformed particles 2. Furthermore, the use of co-solvent organic

molecules, such as 1,3,5-trimethylbenzene (TMB), induces the formation of expanded pore sizes in MCM-41 [311,

Considering different modes of interaction between the silica precursors and surfactants, several models have
been proposed [, Electrostatic charge-matching between cationic surfactants (S*) and anionic inorganic

precursors (I7) is particularly effective for generating mesostructures with hexagonal, cubic or lamellar symmetry.

Schiith, Stucky and co-workers 81l included a charge-reversed S~ I pathway between anionic surfactants, such as
sulfonates, phosphonates, carboxylates and cationic precursors. Tanev and Pinnavaia 2 demonstrated that the
assembly of hexagonal mesoporous metal oxides can be achieved between neutral amine surfactants (S°) and
neutral inorganic precursors (1) 631 Hexagonal mesoporous silica with wormhole-like framework structures and
larger wall thicknesses can be prepared by hydrogen bond and self-assembly between a neutral amine surfactants

(S% or nonionic PEO-based surfactant (N°) with neutral inorganic precursors (19) 641,

Another approach for synthesizing small particles is the addition of an optimal amount of Pluronic F127 to the
surfactant, which results in a change in the structure and packing of the micelles, leading to smaller particle sizes.
In addition, Pluronic F127 also enhances the dispersion of the silica precursor (TEOS) and coats and stabilizes the

newly formed small MSNs, helping to protect the particles from agglomeration and oligomerization 62!,

Silica Source

Mesoporous structures have been synthesized using several silica sources, such as sodium silicate, Ludox, fumed-
silica, water glass or silicon alkoxides (e.g., TEOS and TMOS), with the latter being the most widely reported 2. Di
Renzo and co-workers [68 described the synthesis of spherical MCM-41 using various silica sources, showing their
dominating role in the morphology of MCM-41 silicates 4. K. Yano and Y. Fukushima (€8 succeeded in preparing
large MSNs from alkoxysilanes with longer alkyl chain lengths, such as tetrapropoxysilane, since their hydrolysis
rates are slower than those of tetramethoxysilane and tetraethoxysilane 969 Nooney et al. 42 prepared MSNs
with sizes ranging from 65 to 740 nm by using different TEOS/surfactant ratios under diluted conditions 281, When
the TEOS concentration increases, both the hydrolysis rate and condensation rate become faster, which shortens
the nucleation period. Thus, the total number of nuclei formed will be less and the final particle size of synthetic

silica colloids will be relatively larger.

Other Factors

Other factors that affect the size and shape of the MSNs include the temperature, amount and strength of the
catalyst, reaction time and type of solvent. Thus, their combination should be considered to control the morphology
of these particles (27, The solvent is particularly important when silicon alkoxides are employed for the MSNs

growth. Since these substances are nonpolar and, thus, insoluble in water, they are typically dissolved in a solution
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of water and ethanol 22!, with the mixing mode having a significant effect on the homogeneity of the Si source in
the reaction medium and its interaction with both the ethanol and water molecules 9. Zhang et al. 23! reported
that the dilution of TEOS with ethanol can improve the diffusion of TEOS in the mixture of ethanol and ammonia
and depress the aggregation or adhesion of nanoparticles. It was found that four times the volume of ethanol for

diluting TEOS is enough to obtain monodispersed nanoparticles with a fine spherical shape.

Depending on the type of solvent used in the reaction, different particle sizes and uniformity can be obtained.
Stober, Fink and Bohn 2% studied the particles’ growth using different alcohols as solvents. Particles prepared in
methanol solutions turned out to be the smallest, while the particle size increased when increasing the length of the
alcohol chain. The particle size distribution also became broader when using longer-chain alcohols as solvents £,
while more uniform particles were obtained in 1:3 mixtures of methanol/n-propanol. Additionally, Stéber et al. found
that the size of the silica particles that can be obtained in TEOS/ethanol/water mixtures varied from 50 nm to about

1 pm.

The particle size increases with the concentration of catalyst (with ammonia being the most widely employed one
for this purpose), as well as with an increase of TEOS 2. Ammonia, as a morphogenic catalyst, leads to more
spherical morphologies 2. Cai et al. 48] synthesized different particle morphologies by selecting sodium hydroxide

over ammonium hydroxide.

The final particle size is also strongly influenced by the reaction medium’s ionic strength and the catalyst and water
concentrations. This is consistent with a proposed mechanism in which the final particle size was strongly
dependent on the (intermediate) particle’s stability 22, Nanoparticles prepared by the Stober method usually have
a relatively large amount of silanol groups, which allows the nanoparticles to disperse stably, due to their strong
surface charges. When the solute concentration reaches a critical point (nucleation concentration), each solute
self-assembles and forms small nanoparticles (thermodynamically favored). After nanoparticle formation, the
solutes are also used for nanoparticle growth, and the nanoparticles gradually become larger. Accordingly, to
reduce particle size, it is necessary to promote nucleation, rather than growth, by modulating the concentration of

silica precursors 27,

As it has been mentioned before, the size of MSNs can be modified by the addition of certain compounds.
Anderson et al. 48] reported the influence of various co-solvents and water mixtures on the size of MSNs. Gu et al.
[73] proposed the use of EG, as it can decrease the interaction between the silica species and surfactants, thus
reducing the size of nanoparticles B2 Similarly, the addition of a second templating agent, with a different
affinity for silica, can lead to the formation of a layer surrounding the particles, thus limiting their growth. The use of
organo-substituted trialkoxysilane also plays a role in controlling MSN morphology and size. By using a series of
alkyl substituted silanes, Huh et al. (24] generated diverse morphologies, such as rods, beans, or spheres, with
precisely controlled particle sizes. 9. Schulz-Ekloff et al. B8 described a method for obtaining materials of a novel

type, namely bimodal silicas, which contain both the MCM-41 mesopore systems, with pore sizes ranging from
about 2 to 15 nm [EABSI75],
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Temperature has a greater effect on the rate of hydrolysis than other factors, such as co-solvents. Therefore, a
relatively high temperature, such as 80 °C, is essential when using tetraalkoxysilanes with slow hydrolysis rates
[78] As a consequence, the reaction temperature can change the properties of the particles, mainly affecting the
particle size. For example, Narayan, Reema et al. (18] observed that, by increasing the temperature of the reaction
from 30 to 70 °C, particle size was increased from ca. 29 nm to 113 nm. This could be due to the increase of the
reaction rate, leading to polycondensation of the silica monomers and resulting in a dense silica structure and a

larger size.

In summary, the parameters that control the size and morphology of MSNs include the rate of hydrolysis and

condensation (pH-dependent) and the level of interaction between the assembled template and the silica precursor
(58][59][77]

2.3. Hollow Silica Nanoparticles

Hollow spheres represent a special class of materials that are of interest, for instance, in the fields of medicine,
pharmaceutics, materials science, catalysis and the paint industry. They can encapsulate a variety of products (for
the controlled release of drugs, cosmetics, inks and dyes), protect light-sensitive compounds and to be employed
in coatings, composites and fillers (22, Hollow silica nanoparticles (HSNs) refer to NPs with a solid shell, even
though a recent trend has been to synthesize hollow nanospheres with a mesoporous silica shell. An advantage of
the hollow form of MSNs is that their inner cavities can be used as containers for other cargo, such as magnetic,
gold, or even smaller silica nanoparticles 8. Hollow MSNs (HMSNs), a sub-class of MSNs with interstitial hollow
space with extraordinarily high loading capacity, low density and high specific area, have been advocated as the
new-generation of DDSs 8. They are capable of holding a large amount of drugs in their hollow cavities,
compared to their non-hollow counterparts. This unique property of HMSNs makes them widely useful in cancer
therapy and imaging 18,

The development of novel fabrication methods for hollow MSNs has been one of the most active areas of research
in nanotechnology. Numerous fabrication techniques exist to obtain hollow spheres with a wide range of diameters
and wall thicknesses 2, including microemulsions, soft templating and hard templating 3. However, the most
frequently used approach for the synthesis of HMSNSs is the core-templating method, where different soft and hard
templates are used to form the nanostructure core that is then coated with the desired substance at different
concentrations to obtain a shell around the substrate. After that, the template forming the core is removed by
calcination or chemical etching, obtaining a shell with a hollow core 18, Choosing the appropriate core template is
critical for producing efficient hollow capsules, as their properties, such as size, shape and ease of removal,
determine the properties of the final hollow capsules. Hollow nanocapsules with various diameters can, thus, be

prepared by changing the diameter of these templates 2,

Hollow-type mesopores are created in the core-templating technique by exploiting the chemical differences
between the core and shell of a silica core/mesoporous silica structure, in such a way that the core can be

removed by heating (calcination) or by dissolution /3, When an appropriate etching agent is used, a selective
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etching takes place at the interior, while the outer shell remains mostly intact and the hollow structure is formed [2&l.
The porous structure on the surface of the silica NPs provides a pathway for the etchant to penetrate the core of
the silica material, thus facilitating further etching. Furthermore, when the silicate species reach the supersaturation
level at the interface, condensation is expected to occur, leading to the expansion of the inner shell, while
maintaining the overall shape BY. There are some soft templates based on aggregates of organic molecules,
including large micelles, vesicles and emulsions. Their structure and morphology can be easily controlled with the
change of the preparative conditions, which enables various hollow-structured MSNs to be obtained. In the final
step, they can be easily removed through calcination. Therefore, many hollow-structured MSNs have been
prepared by using soft templates 8, Tanev and Pinnavaia 1l condensed silica in the interlayer regions of
multilamellar vesicles to form roughly spherical particles with stable lamellar mesostructures 2. Using another
approach, Lin et al. B3 prepared thermally stable NPs in a water-in-oil (w/0) emulsion, consisting of water,

hydrocarbons and cationic surfactants 281,

The hard template method hollow-structured MSNs can be obtained with the selective elimination of the core
particles 24, Polymeric nanoparticles and carbon nanoparticles are some of the most frequently used hard
templates, but metal oxide, metal nanoparticles and other inorganic nanoparticles have also been employed. Le et
al. 42 described a synthesis pathway to obtain hollow silica spheres (40 nm average diameter) with mesoporous
walls. The process was based on a double-template route using calcium carbonate nanoparticles as sphere
templates and hexadecyltrimethylammonium bromide (C;¢TMABr) as a mesostructure-directing agent in alkaline
conditions, obtaining silica hollow spheres at room temperature. The use of silica nanoparticles as templates (core
particles) and coated with mesoporous silica shells has been widely reported. These silica cores present highly
tunable characteristics, such as diameter, morphology and size distribution. The major problem of silica core
nanoparticles is that separating the core from the silica shell requires a sophisticated procedure for selective core
etching. For example, hollow organosiloxane NPs can be obtained by selectively etching the silica cores, thus

exploiting the tolerance of organosiloxane toward base etching 22,

In the biomedical field, both discrete and monodispersed HMSNSs play key roles in providing enough stability to the
cargo in physiological environments and their nano-sizes enable effective distribution of the drugs in the body.
Moreover, due to their hollow cavities, HMSNs have a large capacity to load biomedicines, enzymes, or small

nanoparticles 58!,

2.4. Other Silica Nanoparticles

While the development of silica NPs has historically been focused on MSNs, two additional types, mesoporous
organosilica nanoparticles (MONs) and periodic mesoporous organosilica (PMO) NPs, are budding sectors in
current silica NPs’ development, being one of the most representative inorganic—organic hybrid mesoporous
nanoparticles. While PMO NPs and MONSs are quite new, they already account for at least 10% of the papers

currently being published on silica NPs [21],
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As mentioned, when a single silica precursor, such as TEOS, is used, MSNs are formed. MONs will form by
inserting organic groups into the framework of MSNs at the molecular level. The use of 100% of bridget-
organosilane precursors, when no additional silane source is present, leads to the formation of PMO NPs [B483],
Therefore, MONs are partially hybridized silica NPs, while PMO are exclusively formed by organically modified
silicon atoms. This allows for the formation of a wide variety of additional silica nanoparticles with new chemistries,

due to the presence of the organic (R) group.

As for MSNs, the most employed method is the sol-gel synthesis under basic or acid conditions, using surfactants
to obtain the porous structure. When silanes and organosilanes ([(XO)3Si],—R, where R is an organic group, n = 1)
are hydrolyzed in basic media, reactive silanolate species are produced. These species then condense with other
(organo)silanes to create covalent siloxane linkages and progressively bigger oligomers. The sol-gel process
eventually results in silica (SiO,) or silsesquioxane frameworks (e.g., O; 5Si-R-SiO1 5). Although some organically
bridged structures are stable up to 580 °C, calcination is not likely to be a good alternative for MONs and PMO
NPs, which is the method most commonly used to remove the surfactants from MSNs. Therefore, less aggressive

extraction procedures are required 4],

MONSs and PMO structures provide exponentially more design possibilities, as compared with MSNSs, with the high
potential of making uniquely functional silica nanoparticles, due to the flexibility of the organic R group, as
previously mentioned X3, Homogeneously distributed organic moieties throughout the mesoporous framework
have a crucial impact on the size, the porosity and the morphology of the hybrid nanomaterials 87 The R group
can produce both physical changes to the pore size and shape and chemical changes affecting the
hydrophobicity/hydrophilicity and charge of the particle have an impact on their final applications, such as the type
of cargo that can be loaded on them or their loading capacities 2188 To add additional complexity, MONs have
regions of MSNs and PMO that create hybrids, which can have different proportions of the organic and non-organic
components, leading to the formation of unique porous structures 2. Importantly, modifications of the R group

allow for control over the biodegradability of these NPs, being a key point for their biomedical application B33,

MONs and PMO NPs have been advocated as some of the most prosperous nanomaterials over the next decade
for their application in multiple fields, such as catalysis, gas and molecule adsorption, electronics, drug and gene

delivery, biosensing, photodynamic therapy, or molecular imaging, among others [21I[88],

Despite the benefits that MON and PMO NPs offer, their use in drug delivery has not received as much research
attention as that of MSNs of pure silica. This could account for the difficulty in synthesizing uniform and discrete
NPs with adjustable properties and the lack of knowledge regarding their biosafety 24129 |n addition, despite the
potential of MONs and PMO NPs for medical applications, they will encounter a larger barrier than MSNs to reach
the clinic. This is because toxicological studies on MSNs do not translate over to MONs or PMOs, and each R
group arrangement would require further toxicological testing. Thus, although FDA considers silica as safe, MONs

and PMO NPs are not benefited by this because they are regarded as brand new compounds [22/[84],
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