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Abstract: The application of silica mesoporous structures in drug delivery and the removal of
pollutants and organic compounds through catalytic reactions is increasing due to their unique
characteristics, including high loading capacities, tunable pores, large surface areas, sustainability,
and so on. This review focuses on very well-studied class of different construction mesoporous silica
nano(particles), such as MCM-41, SBA-15, and SBA-16. We discuss the essential parameters involved
in the synthesis of these materials with providing a diverse set of examples. In addition, the recent
advances in silica mesoporous structures for drug delivery and catalytic applications are presented
to fill the existing gap in the literature with providing some promising examples on this topic for
the scientists in both industry and academia active in the field. Regarding the catalytic applications,
mesoporous silica particles have shown some promises to remove the organic pollutants and to
synthesize final products with high yields due to the ease with which their surfaces can be modified
with various ligands to create appropriate interactions with target molecules. In the drug delivery
process, as nanocarriers, they have also shown very good performance thanks to the easy surface
functionalization but also adjustability of their porosities to providing in-vivo and in-vitro cargo
delivery at the target site with appropriate rate.

Keywords: silica; mesoporous; drug delivery; nanocarrier; nanomaterial; nanocatalysts

1. Introduction

Porous nanostructures are a special group of materials that have cavities/porosities at the nanoscale
and exhibit different physicochemical features [1]. These properties are determined by their shape [2],
size [3], and composition. Compared to uniform particles of the same size, porous nanomaterials have
unique properties due to their vacant spaces, including low densities [4–7], large active surfaces [8–10],
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low refractive coefficients [11–14], desirable permeabilities [15–17], good selectivity [18–20], and thermal
and acoustic resistances [21–23]. The above-mentioned characteristics of porous nanostructures have
resulted in the presentation of diverse nanoporous materials, which have attracted the attention of
scientists in a variety of fields. The ratio of free-space pores to the total volume of a material is defined
as porosity [24,25], which in this category, a pore connected to the free surface of substance is called an
open cell [26], and materials with open cells are suitable for use in, e.g., filtration [27], membranes [28],
separation [28], and chemical operations, playing roles as catalysts [28] and in chromatography [29]. A pore
that is far away from the free surface of a composition is called a closed-cell [30], and these closed cells,
while they increase the thermal and acoustic resistance of these materials, as well as reduce their weights,
do not contribute to any chemical applications [21–23,31]. Pores come in a variety of shapes and can be
spherical [30], cylindrical [32], grooves [33], and hexagonal [34]. A wide variety of porous nanomaterials
are available with very diverse properties, structures, and applications. The most useful method for the
classification of these materials is to use the diameters of the cavities. Many of the important exclusivities in
adsorption and permeation technology relate to these diameters. According to the definition provided by
the IUPAC, porous solids are sorted into three basic types based on diameters of their pores: Microporous
(<2 nm) [35], silica mesoporous (2–50 nm) [36], and macroporous (>50 nm) [37]. Among these porous
solids, mesopores are more efficient than the others due to their large surface areas [38], high porosities [39],
tuneable pores [40], excellent thermal properties [41], and mechanical stability [42]. They are used in
many different applications, including drug delivery systems (DDSs) [43], catalysts [44], sensors [45],
adsorption [46], and separation [47], and are divided into the SBA (Santa Barbara amorphous) [48], MCM
(Mobil Composition of Matter) [49], FSM (folding shield mechanism) [50], TUD (Delft University of
Technology) [51], and HMS (hollow mesoporous silica) types [52]. In the preparation of silica nanoparticles,
different types of precursors can be used depending on whether hardness or flexibility is desired, whether a
lipophilic or hydrophilic material is required, and what the density of catalytic active centres on the surface
is to be. Since the early 21st century, attempts have been made to make all kinds of silica nanoparticles.
By using organic fluids, the structural elements of the structures, and solutions of water and alcohol as
solvents, new inorganic substrates with regular structures in nanometre dimensions were prepared. In the
late 1990s, various studies were conducted to identify the silica structures and the factors affecting the
morphological features, such as temperature and pH, of compositions and solvents. In addition, other
compounds, including salts, were used as additives in the production of various types of these materials.

Interestingly, these nanostructures have internal (cylindrical pores) [53] and exterior [54] surfaces that
allow selective functionalization for catalytic and drug delivery applications. The main purpose of this
review is providing a general knowledge over the recent applications of mesoporous silica as nanocatalyst
and carrier for drug delivery. Also, various novel methodologies for preparation of this type of nanocatalyst
and their catalytic system up until present time have been provided. Thus, an in-depth study on the
catalytic applications, and the usage as nanocarrier for drug-delivery, will be highlighted.

2. Synthesis Mechanism Used to Create a Mesoporous Material

The same general synthesis mechanism is used in all meso-structures. Surfactants play the
basic roles in the syntheses of porous silica nanoparticles [55]. These structures have hydrophobic
and hydrophilic components with different characteristics. The hydrophobic part is dissolved in the
nonpolar segment, and the hydrophilic part is soluble in water or polar materials [56,57]. Structures that
include hydrophobic and hydrophilic sites are called amphiphilic substances [58]. Many strategies
have been introduced to understand mesoporous syntheses. Liquid crystal templating (LCT) is one of
the most well-known methods. Surfactants play a crucial role in LCT [59]. In very low concentrations,
these materials take the form of soluble monomers. As their concentrations are enhanced, the molecules
accumulate in aqueous solutions, and isotropic spherical and tubular micelles form, reducing the free
energy of the system [60]. At even greater concentrations, hexagonal compositions are created from
the surfactants. These structures act as templates, and when inorganic precursors are added, they are
placed on these templates [61]. Most inorganic compounds have an area with a negative charge,
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allowing them to interact electrostatically with the positive heads of the surfactants. When these
materials are placed on the surface, the compression stage is reached, and the integrated framework of
the inorganic component is established on the surface of the surfactants. Finally, when the surfactants
are removed, a mesopore is created [59].

It should be pointed out that the morphology of a silica mesopore can be affected by various factors,
including the surfactant and co-surfactant used, source of the silica, temperature, alcohol used, and pH.

3. Factors in the Synthesis of a Mesoporous Material

3.1. Surfactant

Generally, surfactants act as templates and have key roles in the syntheses of mesoporous materials.
These surfactants can be divided into four groups, including (1) ionic surfactants, which contain
sulphonated compounds with the general formula R-SO3Na and sulphated compounds with the
general formula R-OSO3Na [62]; (2) cationic surfactants, which commonly contain alkali hydrophilic
and methylammoniums such as CTAB (cetyltrimethylammonium bromide (C16H33N (CH3)3Br)) and
hexadecyltrimethylammonium (HDTMA)) [63]; (3) non-ionic surfactants, which, when dissolved in
solvents, do not decompose into ions [64]; and (4) amphoteric surfactants, which exhibit characteristics
of ionic and non-ionic surfactants simultaneously, e.g., phospholipids. Different aspects, such as
chain length [65], chain structure [66], pH [67], being used as an electrolyte [68], and temperature [69],
affect the efficiency of these kinds of surfactants. For instance, in order to prepare mesoporous materials
for different purposes having pores of uniform size and with diameters larger than 5 nm, the active
surface of Pluronic P123 (EO20PO70EO20) (a non-ionic surfactant), a three-dimensional polymer, can be
used as a template in an acidic environment. The sizes of the pores and the wall thicknesses can
be changed by enhancing the hydrophilic head of the surfactant [55]. Niu et al. [69] developed a
mesoporous core-shell with two modes using amphiphilic copolymers of (polystyrene-b-poly (acrylic
acid), PS-b-PAA) and CTAB as co-templates (Figure 1). As can be seen in Figure 1, the PAA copolymer,
by attaching to the CTAB micelles, initially creates the micelle composition. Then, the TEOS (tetraethyl
ortho-silicate) is placed on the micelle composition. Subsequently, through the self-assembly actions
of the CTAB and TEOS, a core-shell mesoporous material with a two-mode structure is obtained.
Wiesner et al. [70] have reported the synthesis of aminated-mesoporous particles with adjusted particle
sizes. Contrary to findings in the previous work, the presence of ethyl acetate in an ammonia solution
increased the amount of aminosilane connected to the mesoporous material greatly, while its ordered
shape remained intact. Recently, gemini surfactants (GSs) have been investigated as versatile templates
for the synthesis of silica mesopores. GSs have hydrophobic heads and interconnected spacers between
or near the hydrophobic chains, allowing convenient aggregations in solution [70]. Li et al. used GS
with 14-2-14 molecules to prepare hollow mesoporous silica (HMS) [71]. In summary, surfactants have
essential roles in the polymerization of silicate species to form their respective mesoporous silicate
nanoparticles. Self-assembly in solution produces desirable results for various applications.

Figure 1. Synthesis of a silica mesopore using cetyltrimethylammonium bromide (C16H33N (CH3)3Br)
(CTAB) and (polystyrene-b-poly (acrylic acid) (Ps-b-PAA) as amphiphilic.
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3.2. Co-Surfactants

Co-surfactant materials, such as alcohols, not only significantly affect the ductility and size of
the pores, but also, as their concentrations are increased, diminish the percentage of spherical shapes
present in the respective mesoporous materials. Hence, they control the shape and size of the particles,
and in their absence, amorphous particles will be formed having different and disordered sizes [72,73].
Surfactant materials, such as the anionic/cationic surfactant, ionic liquid, solvents, and so forth, that are
used in the fabrication of mesoporous materials, can also be used in co-surfactant roles with changes
in their morphology. For instance, Zhang et al. [74] suggested an ionic liquid/copolymer system for
the synthesis of zirconium loaded inside the pores of mesoporous-microporous silica nanoparticles.
The interactions between NTA (N-tributylamine acetate (ionic liquid)) and P-123 (co-polymer) and a
change in the pH resulted in diverse structures with spherical and branch morphologies. Interestingly,
the amount of alcohol serving as a co-surfactant can determine the final structure of a meso-silica.
Stevens et al. [75] used butanol as co-surfactant for the syntheses of hexagonal SBA-16 and an array of
hexagonal SBA-15 mesopores and studied its effects. Adding it to the reactions increased the sizes
of the SBA-16 and SBA-15 pores, thus improving their catalytic and drug delivery performances.
Yang et al. [76] showed that in acidic conditions, pore size, thermal stability, cavity volume, and surface
area are enhanced by an appropriate molar ratio of a non-ionic (P123)/ionic (SDS: sodium decylsulphate)
co-surfactant system. Therefore, co-surfactant can act as a complementary role in the manufacture of
mesopore nanoparticles in terms of controlling the morphology and size of particles.

3.3. Silica Source

Oligomeric precursors and silicone monomers are commonly used for the fabrication of mesoporous
materials, thus preventing irreversible polymerization in acidic conditions. Precursors such as colloidal
solutions, sodium silicates, and organosilanes like tetraethyl ortho-silicates can be used for the syntheses
of ordered mesoporous materials [74]. Sodium metasilicate (Na2SiO3), when used as a precursor,
produces small oligomers upon acidification. The tetramethyl ortho-silicate (TMOS), Tetraethyl
orthosilicate (TEOS) tetrapropyl ortho-silicate (TPOS), trimethoxysilane (TMS), tetrabutoxysilane
(TBOS), and other typical silica-based precursors are used as mesoporous precursors [75]. Among
these precursors, TMS is the fastest in the formation of silicate mesoporous structures. It should be
noted that since the porous meso-structures produce slowly, TBOS should also be added slowly [76].
Although other factors, such as pH and the molar ratio of surfactant to silica, affect the syntheses
of meso structures, the key roles of silicate sources cannot be ignored. Tang et al. [77] reported the
preparation of spherical silica mesoporous via the use of sodium silicate and TEOS under acidic
conditions, producing pore sizes in the ranges of 1 to 3.5 nm and 2 to 10 nm, respectively. They
demonstrated that the mesoscopic material should be synthesized with fumed silica at a temperature
of 850 ◦C, whereas if the TEOS precursor is used at 750 ◦C, the mesoporous structure will collapse.
The wall thicknesses of the porous materials obtained via these two precursors are the same under
identical conditions [77]. However, despite being formed under the same conditions and having walls
of equal thickness, they have different thermal stabilities coming from other silicate sources [77].

3.4. Temperature

The final properties of mesoporous materials depend mainly on the temperature under which
they were created. Mesoporous materials are synthesized at temperatures between 10 to 130 ◦C,
with 25 ◦C being considered reasonable. The critical micelle temperature (CMT) and the cloud point
(CP) are two factors to consider in terms of the temperature [76]. Typically, the selected temperature
should be higher than the CMT of the surfactants. For cationic surfactants, CMTs are relatively low.
Under these conditions, the rate of accumulation of surfactant temptation decreases with decreasing
synthesis temperatures. As a result of this process, high-quality mesoporous materials will be achieved.
However, if a non-ionic surfactant is utilized as a template, the reaction temperature should be high
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due to increased CMT [76]. In the preparation of SBA-15, the synthesis temperature needed for the
complete dissolution of the surfactant and the CMT is slightly higher than the ambient temperature.
It lies within the range of 40–35 ◦C [78]. Hence, the diameters of the SBA-15 pores change according to
the conversion conditions. In the range of 40–90 ◦C, there are micropores in the system, and all types of
pores have been observed at temperatures of more than 100 ◦C. Hence, by increasing the temperature,
the cavity sizes grow and the thickness of the walls is reduced in SBA-15 mesoporous materials,
thus reducing the fraction of cavities that are micropores [78]. The CP is the point at which liquid–liquid
phase crystal separation occurs directly on the EO (ethoxy) chain in block copolymers. Therefore,
any change in this important point should be considered in the synthesis of silicon meso-structures.
If the CP decreases, then the lengths of the EO hydrophilic chains will decrease, while the lengths of
these chains will increase with increasing CP. Hence, the length of the EO chain varies directly with
the CP. In addition, enhancing the CP creates different geometric structures, ranging from lamellar to
cubic. A parameter called the critical packing parameter (CPP) is involved in their construction [79]:

Therefore, based on the CMT and CPP mechanisms, we can determine the formation of mesoporous
nanostructures and their shapes.

3.5. Solvents

Solvents also affect the synthesis of mesoporous materials and alter the shape of the particles.
In this regard, the most effective and frequently used solvent is different types of alcoholic solvents.
For instance, alcohols with high molecular weights and low evaporation rates have less influence on
the shape and morphology of mesoporous materials [78]. On the other hand, alcohols increase the
formation and change the sizes of the pores. Commonly, ethanol, propanol, butanol, and pentanol are
used in the preparation of mesoporous materials. It should be noted that ethanol sometimes causes the
collapse of mesopores’ spherical shapes [78]. Alcohols, as solvents, can also alter the channel rotations
of mesoporous materials. For instance, Yano et al. have synthesized mesopores with cavity sizes of 10
to 1000 nm via making changes in the ratio of alcohol to water [80].

Furthermore, solvents can also play a vital role in the removal of surfactants in the final step
of the synthesis. Cauda et al. prevented the agglomeration of synthetic mesopores by removing
surfactants with a solvent containing high-boiling-point alcohol [81]. Lebedev et al. added alcohol as a
solvent during the growth of radial MCM-48 to help in growing its cylindrical pores [80]. Alcohols,
in addition to their roles as solvents, can also be used as co-solvents during syntheses [82]. Alcohols with
larger chains make it possible to move to a new phase after a previous phase. Agren et al. reported
establishing a new lamellar phase after the hexagonal phase in MCM-41 after adding hexanol [83–87].
Grun et al. added ethanol to the initial solution used by Agren et al. [87] instead of hexanol [88].
Their results indicated that spherical mesoporous silica was present. Qianjun et al. reported the effects
of 2-alkanols on the morphologies and sizes of mesoporous materials. They succeeded in showing that
in comparison with 1-alkanols, 2-alkanols, such as ethylene glycol (EG), resulted in the formation of
particles of greater size and more ordered structural morphologies [84].

3.6. pH

Typically, mesoporous materials are prepared in an acidic or alkaline environment. Neutral solutions
are not suitable for these types of syntheses since, under neutral conditions, the rate of polymerization
and transverse bonding is very high, resulting in the fabrication of a disordered silicate skeleton [85].
To overcome this problem, fluorine catalysts can be used in the syntheses of ordered solids under a neutral
pH by adjusting the rate of hydrolysis and condensation of the silicate precursor [86,87]. In an alkaline
medium with the pH ranging from 9.5 to 12.5, the polymerization and creation of reversible networks of
silicate species are possible. Hence, the above properties have led to the use of silicate precursors, such as
colloidal solutions, Na2SiO3, and TEOS [63]. During the synthesis, the pH changes. At the beginning of
the reaction, due to the hydrolysis of silica, the pH decreases and then slightly increases as the components
of the silicate species condensate [63]. A similar process occurs in strongly acidic environments since
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mesoporous design is less dependent on pH, reaction reversibility, and temperature [88]. As the pH
decreases, the rate of synthesis of silica mesopores increases. High concentrations of acidic catalyst
increase the rate of precipitation of the silica species. Strong acids, such as HCl, HNO3, HBr, and H2SO4,

can be used as catalysts. In some cases, weak acids, such as H3PO4 and CH3COOH, are applied.
When HCl is utilized as a catalyst, the pH of the system dips below one, whereas, as mentioned earlier,
when there is a higher concentration of acid, the product does not reach the desired quality [88]. In general,
the precipitation of mesoporous materials in the pH range 1–2 is strongly reduced, which can be related
to the presence of an isoelectric point in the silicate source in this range. Since the common route for the
synthesis of a mesoporous material is the sol-gel pathway, pH plays an important role.

In the sol-gel method, hydrolysis and condensation processes are used to construct mesoporous
nanostructures [89]. Organic compounds are integrated into the inorganic matrix of the mesoporous
silica materials [90]. The presence of these organic compounds can then help in the formation of the
final product through catalytic effects and improvements in the hydrolysis-condensation reactions.
Depending on the nature and number of the organic groups that enter into the system, highly porous
meso-structures can be achieved, even with heating [89]. The routes to the mesoporous nanostructure
used by the sol-gel method under acidic and basic conditions are shown in Figure 2. In the first step,
the acidic/basic silicate precursor is observed, which leads to the generation of a silanol group (creation
of sol). In the next step, the silanols react together (condensation), and the gel structure is established
by realizing the H2O or alcoholic by-products. A wet gel is obtained at this stage, which is ultimately
converted into the original gel structure through drying and calcination process. In fact, under acidic
conditions, the rate of nucleation determines the rate of the process. Due to the formation of a high
concentration of the silanol groups, the final step is hydrolysis. Generally, hydrolysis in the presence of
a base catalyst is faster than in an acid catalyst because the base prevents the agglomeration of the sol
particles [91]. Therefore, hydrolysis and the condensation of silicate precursors can be considered as
the key stage of the meso-structure’s preparation method [91]. McCormick et al. showed that a low
concentration of an acid catalyst, in addition to being a self-inducing stimulus, is required to begin
the reaction [92].

Figure 2. Cont.
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Figure 2. The role of acidic and basic catalysts in the sol-gel process used for the preparation of
mesoporous materials.

4. Catalytic Applications of Mesoporous Silica Materials

In recent years, catalytic applications of mesoporous materials have been explored due to their
adjustable pore sizes, biodegradability, and ease of modification with various functional groups.
They are very much considered for organic syntheses and the removal of organic dye pollutants. In the
following sections, an update from literature is given regarding the recent advances of mesoporous
silica-based materials for catalytic applications.

4.1. Removal of Organic Dyes

Large amounts of toxic pollutants, including dyes and heavy metals, have considerable
environmental consequences, so the removal of even small amounts of these hazardous compounds
is crucial [93]. Many methods, such as separation [94], oxidation/reduction [95], ion exchange [96],
adsorption [97], membrane [98], and biological [99] methods, have been developed by researchers
over the past decade. Among these methods, the adsorption process is of great interest due to its
greater efficiency and simplicity [100]. Organic dyes are dangerous sources of industrial wastewater
and come from textiles, dyestuffs, papers, plastics, and cosmetics. Their presence in water endangers
humans and plants [101]. For example, Sudan Red (RS) and its derivatives have high levels of toxicity
and carcinogenicity, even at low concentrations. Considering that most organic dyes have aromatic
structures, they are resistant to dye-removal reactions, although their toxicities are reduced during
such reactions [102]. A large number of nano-adsorbents, such as active carbon [103], zeolite [104],
nanoclay [105], and an imprinted molecular polymer [106], are used to remove organic dyes from
aqueous solutions but have a low adsorption capacity. Therefore, it is necessary to find novel
nano-adsorbents that will eliminate the effects of these contaminants and control them at maximum
adsorption capacity. To date, nanostructures have been shown to be superior at removing toxic
and harmful organic dye compared to other adsorbents, which has made them extremely valuable.
Mesoporous materials are one of the most extensively investigated silica nanomaterials because they
are excellent adsorbents due to their high pore volumes, large surface areas, and adjustable pore
sizes [107]. Like any other absorbent materials, silica nanoparticles can serve in the effective removal of
organic pollutants, e.g., methylene blue (MB) [108], methyl orange (MO) [109], methyl red (MR) [110],
malachite green (MG) [111], and everzol blue (EB) [112].

Mesoporous materials can be good candidates for this purpose because they have large surface
areas, adjustable cavity sizes, and very high adsorption capacities [107]. The modification and
functionalization of mesoporous materials via various functional groups, such as—NH2, COOH,
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and SH and their placement on active sites result in the easy removal of dye pollution [113]. Veisi et al.
reported high catalytic activity on the part of magnetic silica nanoparticles in reducing the organic
dyes 4-nitrophenol (4-NP), rhodamine B (RhB), and MB (Figure 3) [114].

Figure 3. The reduction of 4-nitrophenol (4-NP) and rhodamine B (RhB) using the magnetic
Fe3O4/SiO2-Pr-SH-Ag nanocatalyst.

In another study, Song et al. reported on the synthesis of the SBA-15/polydopamine (PDA)/Ag
nanocomposite [115]. They showed that the tested nanocomposite degraded 4-NP and MB without
decreasing its catalytic activity (Figure 4). Ho et al., removed acid blue 25 and MB using modified
MCM-41 with amine and carboxylic acid groups, respectively. Their results showed that there are
base–acid interactions between these dyes and the modified mesopores with absorption capacities of
256 mg g−1 (acid blue 25) and 113 mg g−1 (MB) [115].

Figure 4. The removal of organic acid blue 25 and methylene blue (MB) via the SBA-15/PDA/Ag
nano-adsorbent.

4.2. Organic Synthesis

4.2.1. Oxidation Reaction

In mesoporous materials, the transition metal is grafted onto the framework to introduce redox
properties, which are devoid of oxidant activity. Some transition metals could be introduced to occupy
the vacant positions within the mesoporous silica framework.

Zhang et al. synthesized tungsten-containing functionalized MCM-41 and employed it in the
desulphurization reaction of dibenzothiophene (DBT). The results established that the mesoporous
structures were well-preserved after the introduction of the tungsten species into the mesoporous
materials [116]. These materials showed a good dispersion of the W species and formed an efficient
and highly recyclable catalyst for the removal of dibenzothiophene (Figure 5). The characterization
results showed that the mesoporous structure of MCM-41 was maintained after the introduction of
the W species. These catalysts showed homogeneous dispersions of the W species in the mesoporous
material and excellent catalytic activity in the removal of sulphur-containing compounds. The sulphur
content in model oil can be reduced from 500 to 0 ppm with the low usage of an oxidant in 30
min. In the reaction, no organic solvents were added as extractants, and the mesoporous elements
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of W-MCM-41 acted not only as absorbents to absorb the sulphur-containing compounds but also
as active sites to activate H2O2 to oxidize the sulphur compounds and convert them to sulphones.
The oxidative reactivity of the sulphur-containing compounds decreased according to the following
order: 4,6-DMDBT (4,6-dimethyldibenzothiophene) > DBT > BT (Benzothiophene) > DT (Dithiophene).
In addition, it was possible to recycle the oxidation system nine times without a significant decrease
in activity. Moreover, according to the GC–MS analysis of the oxidation products, a mechanism was
proposed for the investigation of the absorptive oxidation process occurring between W-MCM-41 and
sulphur-containing compounds [116].

Figure 5. The desulphurization reaction of dibenzothiophene on W- MCM-41 (Mobil Composition of
Matter No. 41) mesoporous silica.

Also, Tuong et al. reported the solvent-free oxidation of benzyl alcohol to benzaldehyde by
iron-chloride immobilized on SBA-15 (SIL-FeCl3) (Figure 6). The SIL-FeCl3 revealed higher catalytic
activity in terms of the effective solvent-free oxidation of benzyl alcohol to benzaldehyde when using
the oxidant. This mesoporous catalyst was easily recovered and reused without a significant loss in its
activity and selectivity, leading to its potential application in an eco-friendly synthesis of chlorine-free
benzaldehyde [117].

Figure 6. The oxidation of benzyl alcohol to benzaldehyde on Santa Barbara amorphous (SBA)-15
(SIL-FeCl3).

Furthermore, Uson et al., reported a novel-sized Pt-decorated SBA-15 rod catalyst functionalized
with the tetrakis (hydroxymethyl) phosphonium chloride group (THPC) as both a stabilizer and
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reductant in the mesoporous catalysis of n-hexane through a facile synthesis method under oxidation,
having observed excellent stability and high activity (Figure 7) [118].

Figure 7. The in-situ generation of ultra-small Pt nanoparticles on mesoporous silica rods in high-activity
mode in the oxidation of n-hexane.

4.2.2. Ring-Opening Polymerization

According to the article published by Cruz et al., a mesoporous, silica-coated Fe core-shell
nanoparticle was synthesized via a surfactant template sol-gel method utilizing magnetic nanoparticles
(MNPs) stabilized with nucleation seeds exhibiting superparamagnetic behavior [119]. The magnetic
behavior and adsorptive properties of these nanoparticles show that these MNPs are appropriate
candidates for supporting catalyst preparation via titanium immobilization achieved through
post-synthetic procedures. The synthetic parameters are controlled in order to obtain high-quality,
core-shell, stable, and biocompatible magnetic mesoporous nanoparticles (MMNPs), which were used
to help to prepare heterogeneous catalysts for the ring-opening polymerization of ε-caprolactone (ε-CL)
in an aqueous and organic medium with excellent activity.

Since this titanium catalyst showed excellent activity for the ring-opening polymerization of
ε-CL, it could also be used under similar conditions. Electrochemical measurements verified Fe (III)’ s
electron reduction process in magnetite with diverse coordination environments, which could be useful
for fast and simple electrochemical measurements of the growth of a silica layer and the complete
coating of MNPs [119].

4.2.3. Synthesis of Dimethylcarbonate

Cui et al. reported flowerlike MgO in the synthesis of dimethylcarbonate (DMC) by a meso-SiO2,
which was coated on Fe2O3, MgO, an SnO nanosphere, Co3O4, and nanowire through a simple
solution method [120]. In the paper, low-cost synthesis strategies for both nano- and meso-SiO2 using
mesoporous SiO2 were reported. They found that the meso-SiO2 coating with its tetrahedral geometry
can form a layer to bind and cover the nano building blocks. The silica coating dramatically improved
the structural stabilities of several types of nanostructures, including flowerlike nanomaterials (Fe2O3,
MgO), hollow spheres (SnO), nanowires, and nanosheets (Co3O4). The results showed that a coating
of meso-SiO2 is an ideal method for showing that mechanic stability leads to the remarkable catalytic
stability of fragile nanomaterials.

The MgO@meso-SiO2 catalyst converted 85% of the ethylenecarbonate, and there were no
morphology changes in 10 sequential runs, whereas uncoated, flowerlike MgO broke into pieces
after merely one run (Figure 8). This approach created a worthwhile route for making highly active,
yet fragile nanostructured catalysts practical for scale-up applications [120].
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Figure 8. Synthesis of DMC on the MgO@meso-SiO2 catalyst.

4.2.4. Dehydration

Mesoporous silica usually demonstrates interesting catalytic activity when it comes to dehydration
and dehydrogenation reactions. Recently, Fan et al. reported on a series of mesoporous silica materials
that were embedded in zirconium and phosphotungstic acid via a sol-gel process [121]. They studied
conversions of D(-)-fructose catalyzed by a synthetic mesoporous silica nanocatalyst that produced
5-(hydroxymethyl)-furfural as the main product. They also examined the relationship between the
structure and activity of the catalyst as well as its ambient reaction and found that it exhibited good
recycling potential (Figure 9). The characterizationresults revealed that the mixed template copolymer
and PVP had flake-like silicates and that both zirconium and phosphotungstic acid were operating
as recyclable nanocatalysts capable of good performances. The catalytic process revealed that water
was the most appropriate green solvent for the transformation of D(-)-fructose into fine chemicals.
Moreover, cholesterol doping in a sol-gel preparation resulted in the formation of more active catalysts.
Furthermore, the addition of phosphotungstic acid to the sol-gel had a positive effect on the final yield
of the reaction in ethanol.

Figure 9. The dehydration of D(-)-fructose in the presence of mesoporous catalysts of zirconium and
phosphotungstic acid.

In addition, xylose dehydration via a functionalized KIT-6 catalyst was reported by Smart et
al. (Figure 10). They showed that the selective and efficient dehydration of xylose to furfural in a
water/toluene bi-phasic system could be achieved by means of a sulphonic acid-functionalized KIT-6
catalyst. This optimal catalyst provided both high furfural selectivity and xylose conversion (more
than 94%). Furthermore, this heterogeneous SO3H-KIT-6 catalyst had high efficiency and could be
recycled without further treatment for up to three runs [122].

Figure 10. Xylose dehydration in the presence of the SO3H-KIT-6 catalyst.
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Compared to previously reported catalysts, the heterogeneous SO3H-KIT-6 catalyst converted
more xylose and also had the highest furfural selectivity under the applied reaction conditions,
as shown in Table 1.

Table 1. Comparison of the furfural yield obtained using different raw materials and catalysts.

Raw Material Catalyst Solvent Yield (%)

Polysaccharide HCl H2O/MIBK 33.3
Corncob H2SO4 H2O/Toluene 65.5

Wheat straw CrPO4 NaCl/THF 67
Xylose CrPO4 NaCl/THF 88

Biomass SnXCsyPW DMSO/H2O 63
Hydrolysate HZSM-5 H2O 75

Xylose SO3H-KIT-6 H2O/Toluene 92

4.2.5. Condensation

The hybrid mesoporous SBA-15 functionalized with choline hydroxide (Chol-SBA-15),
hexamethyldisilazane as a capping agent (Chol-HMDS-SBA-15) and mesoporous silica microspheres
(Chol-MSM) was created for the co-condensation method developed by Hierro et al. These Brønsted
base solid materials were tested successfully as catalysts in Knoevenagel condensation reactions
of benzaldehyde with malononitrile and ethylcyanoacetate (Figure 11). These catalysts were
easily recovered, and separation made them reusable, and hence eco-friendly, for several cycles
without loss of activity. The Chol-MSM catalysts showed high catalytic activity and 99% selective
conversions of ethyl-2-cyano-3-phenyl acrylate. In addition, their reusability without loss of activity
has been demonstrated [123].

Figure 11. Knoevenagel condensation in the presence of a mesoporous nanosilica microsphere.

Additionally, an interesting catalyst of cylindrical Fe-MCM-41-ionic liquid (Fe-MCM-41-IL)
was prepared by anchoring an acidic triazolium IL on the surface of Fe-loaded MCM. This
cylindrical, mesoporous Fe-MCM-41-IL acted as an efficient, reusable, heterogeneous nanocatalyst
for the one-pot synthesis of pyrimidine derivatives, producing high yields under mild conditions
(Figure 12). Its operational simplicity, high yields, low cost, eco-friendly reaction conditions, reusability,
and recoverability make this procedure much greener than the other reported procedures. Interestingly,
this catalyst can be recovered via an external magnetic device [124].

Figure 12. Knoevenagel condensation through cylindrical Fe-MCM-41-IL.
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4.2.6. Hydration—Asymmetric

The facile synthesis of some multifunctional heterogeneous catalysts through Au/carbene
assembly and a chiral Ru/diamine dual complex in mesoporous silica was reported by Xia et al.
They also offered a synthetic approach for constructing a multi-functional mesoporous catalyst for
an enantioselective tandem reaction. They demonstrated the one-pot enantioselective hydrogenation
of a hydration–asymmetric transfer tandem reaction, creating chiral nifenalol with up to 99%
enantioselectivity (Figure 13) [118].

Figure 13. Asymmetric-hydration through chiral mesoporous nano silica.

4.2.7. Mukaiyama Aldol Reaction

The heterogeneous catalysts can be highly recyclable catalysts, which is particularly crucial when
utilizing valuable metal catalysts. Furthermore, applying metal oxides to diverse supports seems
to be a good way of creating, e.g., Lewis acid (LA) catalysts. Xu et al., reported that Fe-SBA-15 and
Fe-MCM-41 (Figure 14), different iron-containing mesoporous silicas, could be synthesized through a
versatile and straightforward method involving iron acetylacetonate as a metal species. Furthermore,
a pH adjustment during the synthesis was found to improve the iron content. The acidity of the surface
was tested via a series of Hammett indicators. Using a nonporous catalyst as an LA was monitored in
the Mukaiyama aldol reaction. The LA catalytic activities of the materials were particularly fine-tuned,
and the corresponding aldol products exhibited good selectivity and yield. The catalysts were stable
and reused at least nine times [125].

Figure 14. Mukaiyama aldol reaction in the presence of Fe-MCM-41-LA.

The XRD (X-ray diffraction) analysis of the iron-modified mesoporous silica showed there were
no iron oxide species [125]. Moreover, FT-IR spectroscopy of the iron-modified mesoporous silica
revealed a significant majority on the LA site compared to the Bronsted site. The iron species deposited
on mesoporous silica can function as highly selective and active sites for the Mukaiyama aldol reaction
of various aldehydes with phenyl-1-(trimethylsiloxy)-propene and trimethylsilyloxycyclohexene.
The experimental procedure using a clean solvent system was straightforward, and no harmful organic
solvents were used. The catalyst could be recovered and used once again the same reaction without
loss in activity. The iron-modified mesoporous silica nanocatalyst is an extremely active heterogeneous
LA catalyst and could be applied in many other reactions and numerous environmentally friendly
chemical transformations in organic chemistry.
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4.2.8. Esterification

Magnetic mesoporous silica with cobalt ferrite (CoFe2O4) nanoparticles embedded in the silica exhibited
a strong paramagnetism property and magnetic responsiveness. The esterification catalytic activities of
the [BsAIm][OTf]/SCF [1-allyl-3-(butyl-4-sulphonyl) imidazolium] [trifluoromethanesulphonate]/silica
cellular foam) (Figure 15) nanoparticles were evaluated via oleic acid with straight-chain alcohols and
exhibited decreases in the pore diameters and specific surface area of MPS-SCF (MPS: 3-Mercaptopropyl
trimethoxysilane) while increasing the SH loading of MPS-SC (SC: Silica cellular). More SH groups
on MPS-SCF and the fewer IL were immobilized on [BsAIm][OTf]/SCF owing to Il’s smaller pore
diameters, which delayed the immobilization and diffusion of [BsAIm][OTf]. [BsAIm][OTf]/SCF
has some applications in shape-selective catalyzes, and this catalyst with different structures has
participated in different reactions [126].

Figure 15. Esterification reaction of oleic acid through [BsAIM][OTf]/SCF.

4.2.9. Suzuki-Miyaura Cross-Coupling Reactions

The Suzuki–Miyaura (S-M) cross-coupling reactions are important in the synthesis of biologically
substitutable aromatic compounds. Perez et al., reported a convenient S-M cross-coupling reaction
through a new Pd (0) catalyst supported on silica UVM-7 (Scheme 1) [126].

Scheme 1. Suzuki-Miyaura reaction.

The catalyzed S-M cross-coupling reaction of arylhalide with arylboronic acid is one of the most
efficient approaches for the synthesis of biaryls and triaryls as well as the introduction of substituted aryl
moieties into organic transformations. The great dispersion, activities, and small sizes of the palladium
nanoclusters to be fixed on the silica surface were tested for S-M reactions using different phenylboronic
acids with 4-substituted phenyl halides. In their study, facile S-M cross coupling was carried out by Pd
species originating in the partial solubilization of Pd immobilized on mesoporous silica.

4.2.10. Cycloaddition Reaction

One of the most efficient synthetic tools for the convenient preparation of triazole derivatives
in a regioselective manner is the click reaction [127]. Azole scaffolds are utilized in many biological
applications, including the treatment of tumors [128,129], allergies [130], HIV [131], and microbial
diseases [132–137]. Copper species catalysts are some of the most important catalysts in modern
organic transformations [138,139].

Khalili et al. reported cyclization reactions through a copper-based catalyst, i.e., Cu@βCD
(β-cyclodextrin) PEG-meso-GO NPs [140]. The hydrophilic and waterproof characteristics of NPs
are provided by PEG. In addition, β-CD can be used as an efficient ligand for the Cu catalyst and
help the phase transfer into the aqueous phase [141–144]. Copper species play critical roles in
the cycloaddition reaction needed to synthesize 1,2,3-triazole and the click and oxidation reactions
necessary for synthesizing benzimidazole derivatives (Scheme 2a,b, respectively). The activity and
efficiency of Cu@βCD-PEG-meso-GO NPs as a catalyst was estimated for the click reaction and C-N
bond oxidation. It was shown to be a water tolerance, efficient, and recyclable catalyst [145–148].
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The benefits of these green procedures (water was used as a solvent) were their high-yield reactions at
short reaction times without laborious purification, plus the catalyst was easily recoverable and water
dispersible. These NPs exhibited good reusability without significant decreases in activity.

Scheme 2. Syntheses of benzothiazole (a) and 1,2,3-triazole (b) via Cu@βCD-PEG-meso-GO.

Additionally, the tetrazole scaffold is one of the most important heterocycles and has wide-ranging
applications in hormonal, antibacterial, and anti-inflammatory areas [149,150]. A one-pot, three-component
green synthesis of tetrazole cycloadducts was carried out through a Cu-Fe3O4@SiO2-PVA NP catalyst
by Sardarian et al. [151]. The heterogeneous magnetic performance of this NP was studied in the
N-arylation of amines with aryl halides in high-yield syntheses of 1H-tetrazoles without external
ligands. The advantages of this green procedure were the low amount of catalyst used, ease of
separation, good reusability, and excellent yields of the final products [151].

4.2.11. Ullman Coupling

The Heck, Suzuki-Miyaura, Sonogashira, and Ullmann reactions have been shown to be excellent
methods for generating carbon-carbon bonds through catalyzed cross-coupling reactions [152–155].
Aryl–aryl bond formation reactions are amongst the versatile strategies involved in the synthesis a
wide range of products, including agrochemicals, pharmaceuticals, natural products, and conducting
polymers [156–158]. Yavari et al. reported that Pd-poly(N-vinyl-2-pyrrolidone)/MCM-48 NP is an efficient,
heterogeneous, recyclable catalyst for the Ullmann cross-coupling reaction. This environmentally friendly
catalyst exhibited high catalytic activity, easy separation, and reusability [159]. This reaction was carried
out in a DMF medium at 100 ◦C and produced good yields. The activation of the C–Cl bond proved to be
more difficult than the activations of the other alkyl-halide bonds, and it mostly requires harsher conditions
in heterogeneous catalytic systems.

5. Application of Silica Mesopores in Drug Delivery

In recent decades, significant advancements in pharmaceutical industry and medicinal chemistry
have led to deep understanding of physico-chemical properties of medical compounds and provided
the opportunity for recognition of cellular absorption strategies for effective treatments [160–164].
Initially, in some cases, such as chemotherapy for cancer, therapeutic methods relied on the use of toxic
drugs with undesirable complications and limited beneficial effects [165]. To overcome this problem,
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targeted drug delivery carriers (TDDCs) were designed to deliver effective doses of drugs to targeted
tissue cells [166]. The success of these drugs depends on the fabrication of bioavailability carriers
with high drug loading capabilities and no early release [165]. The drug delivery agent should have a
compatibility with the drug [166], be capable of encapsulation [167], feature high drug loading [168],
and have the appropriate release rate [169]. Due to their importance, changeless drug delivery systems
are focused structurally so that drug materials are transmitted without immediate release to the
target site [165]. Among the many sustained carriers, mesoporous silica materials with a specific
surface structure are capable of gradually releasing various drugs and controlling this process [170].
Mesoporous silica materials are attractive due to their resistance to heat [171], pH [172], resistance to
mechanical stress [173], very small pore sizes [174], and have more potential compared with other
Nano-carriers in terms of greater accuracy in the selective loading of various drug molecules and their
large pore volumes available for drug loading [175]. The use of a silica mesostructure for the purpose
of drug delivery was reported in early 1983. Since that time, silica nanoparticles have been used widely
as drug carriers due to their high biocompatibility and easy formulation with medicines. A wide range
of drugs is used, such as small molecules, photosensitized molecules, proteins, deoxyribonucleic acids,
and ribonucleic acids with silica carriers, in the treatment of diseases such as cancer, Parkinson’s disease,
and heart problems. The use of silica nanoparticles to deliver bioactive molecules could protect these
molecules from degradation while allowing controlled release, prolonged circulation in the blood,
improved disease targeting, and reduced side effects [176].

In this section, drug deliveries induced by endogenous and exogenous stimuli, including pH,
redox, enzymatic, glucose, H2O2, adenosine triphosphate (ATP), temperature, light, magnetic field,
and ultrasound stimuli, will be discussed.

5.1. pH-Responsive Drug Delivery

Since the pH readings in tumors or inflammatory sites (pH ~ 6.8), as well as endosomal or
lysosomal compartments of cells (pH ~ 5–6), reveal acidic conditions, a number of nanocarriers,
such as mesoporous silica nanoparticles (hereafter as MSNs), have been exploited for controlled drug
delivery. Casaus et al., studied an ionically controlled nanoscopic molecular gate that was developed by
exploiting functionalized mesoporous materials [176]. This study showed that control of mass transport
at a nanometric scale can be achieved by using rigid solids and molecules that are active at physiological,
pH-active molecules. In another study, Kawi et al. examined the performance of amin-functionalized
mesoporous silica SBA-15 loaded with bovine serum albumin (BSA) encapsulated within a polyacrylic
acid (PAA). The entrapped BSA was released from the PAA-encapsulated silica SBA-15 at a pH of
7.4 rather than at a lower pH value of 1.2 [177]. They found that this material has the potential for
releasing protein drugs to sites with higher pH values, such as the small intestine or colon. Hong et al.
studied covalently immobilized PAA on MSN materials as a pH-sensitive drug delivery system. In this
study, reversible addition-fragmentation chain transfer (RAFT) functionalities were attached to the
exterior surface of the MSNs (Figure 16). Their results showed that the PAA-coated MSN could control
the access of guest molecules by adjusting the pH value [178]. In 2013, Meng et al. examined an
MSN-based, pH-responsive drug release system with polyelectrolyte multilayers. The results showed
that MSN under the acidic condition (pH ~ 5.2) had a higher drug release rate than it did under
the neutral condition (pH ~ 7.4). Hong et al. used cyclodextrin as a blocking agent for mesoporous
channels and N-methylbenzimidazole (MBI) as a holder [178]. The channels were designed so that
cyclodextrin formed a stable complex at a pH of 7.4 through interactions with MBI. However, in the
acidic environment of the cancer cells, the cyclodextrin is released by the MBI. Zinc et al. developed
mesoporous materials that due to pH = 0 values, could not release propidinium iodide (PI) [179].
However, the drug could be released when the pH was low or high. In their work, cucurbit (CB) [180]
and uril [180] were used as holders. Xiao et al. synthesized pH-responsive mesoporous materials,
wherein polycation poly(dimethylethyldi-allylammonium chloride) (PDDA) interacted with anionic
mesoporous material-based carboxylic acid at a pH = 0 [181]. In this case, the channel was closed,
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and the vancomycin drug was trapped within the mesoporous materials. The carboxylic acid was
protonated in the acidic condition, eliminating the interactions between polycation and carboxylic acid;
thus, polycation was removed from the surface, and the drug was released. Gisbert et al. synthesized a
type of pH-responsive gate keeper MSNs with self-immolative polymers blocking and the pore opening,
which triggered drug release by acidic pH. The pH sensitivity of this nanosystem causes that cargo
release took place in acidic conditions, while there was almost no release at physiological pH [182].
In such systems, controlled drug release at special time and space, on demand, could be achieved with a
zero-release effect in blood circulation to prevent drug decomposition. Several controlled drug delivery
nanovesicles based on organic and inorganic platforms have been fabricated [183–185]. Xingmei et al.
prepared a tumor-adhesive pH-degradable PVA microgels decorated with tissue-adhesive dopamine
moieties by a combination of microfluidics technology and photo-cross-linking chemistry with a
considerable conceptualization efficiency of bevacizumab (Bev) and docetaxel (DTX) to enhance breast
cancer chemotherapy. The results showed that MSN under the acidic condition (pH ~ 6.5) had an
acceptable drug release rate e.g., ca. 73% [186].

Figure 16. Forming reversible addition-fragmentation chain transfer (RAFT) agent-coated mesoporous
silica nanoparticles (MSNs) as the novel, smart nanocontainers incorporating an MSN for pH sensitivity.

5.2. Redox-Responsive Drug Delivery

Many studies have been conducted about redox-responsive delivery systems with disulphide
bonds, which extensively can be applied to attach to different gatekeeper such as peptides [187],
antibodies [188], and proteins [189]. During the reduction of glutathione into sulfhydryl groups,
the disulphide bonds break readily, which destroys the carriers and facilitates the release of the cargo.
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Zhong et al. performed an experiment on attachment of collagen to MSNs by a disulphide linker
followed by introduction of lactobionic acid, which resulted in redox-responsive system for cell-specific
intracellular drug delivery and efficient endocytosis [189]. Other studies have investigated diselenide
bonds, which have reduction sensitivities and redox-responsive abilities that are similar to those
for disulphide bonds. In tumor therapy, more sensitive redox-responsive delivery systems can be
designed with diselenide bonds due to the lower energy of Se-Se bonds compared to S-S bonds and
C-Se bonds (Se-Se 172, C-Se 244, and S-S 268 kJ/mol). In addition to disulphide and diselenide bonds,
there are some studies that have examined the succinimide-thioether linkage, delivery systems with
trimethyl-locked benzoquinone (TMBQ), and some other delivery systems [190]. In another study,
Lin et al. investigated the role of the S-S bond in drug release [187]. First, they synthesized a mercapto
acetic acid covered with CdS nanocrystals. CdS, due to its small size, can penetrate meso-channels
conventionally, thus blocking them and preventing the drug’s exit. Therefore, CdS is dissociated
by reducing agents and released from inside the cavity; subsequently, the drug is released from the
nanopores (Figure 17).

Figure 17. CdS/MSN-mercapto acetic acid as a nanocarrier for drug delivery system (DDS).

5.3. Enzyme-Responsive Drug Delivery

Due to their biocompatibilities and specific biological activities, enzymes are suitable for the
design of controlled-release delivery systems [190]. Liu et al. designed a biocompatible matrix
metalloproteinase (MMP)-responsive drug delivery system based on MSN (Figure 18) [191]. In this
study, they used BSA as an end-capping agent, a functional polypeptide as an intermediate linker,
and lactic acid (LA) as a targeting motif for releasing doxorubicin (DOX) in vivo. The in vivo
experiments have shown that the system can inhibit tumor growth efficiently with minimal side effects.
Other studies have investigated on the multifunctional stimulus-responsive nano vehicles that were
constructed via peptide mediated core/satellite/shell assembly for targeted protease imaging and controlled
drug release [192,193]. Zheng et al. used gold nanoclusters based on MSNs through the conjugation
of peptide cathepsin B to form MSNs@GNC with a core/satellite structure. The peptide-mediated
core/satellite/shell nanocomplexes could be utilized as multifunctional nanovehicles for precise and
dynamic imaging of cathepsin B and of controlled drug release [193].

Ren et al. used hyaluronic acid (HA) to modify silica mesopores in a smart drug delivery response
to the enzyme hylanuridase (HD) [194]. HA, in addition to blocking mesoporous channels, can also
operate as a target ligand. This modified nano-carrier has interesting features, including a simple
chemical structure, high colloidal stability, good biocompatibility, good cell targeting, and good drug
release control. HA decomposes when it reaches the infected cell due to excessive congestion with the
HD enzyme, and the drug is released. The rhodamine model was utilized in this study. They confirmed
the release rates of the drug in the presence and absence of the HD enzyme to ensure the system’s
responsiveness to the enzyme. The amount of drug released in the proximity of the HD enzyme
was much greater than the amount of the drug released without the enzyme in an acetate buffer
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(pH = 4.5) and a PBS buffer (pH = 7.4). Bernardos et al. used lactose to fill mesoporous cavities [195].
Galactose has a large structure and, through this structure, prevents the release of pyridine ruthenium
([Ru (bipy)3]2+) in a drug model. When lactose is in contact with the galactosidase enzyme, it is
hydrolyzed into galactose monosaccharide and glucose, and the resulting small structure causes the
drug to escape from the cavities. Kleitz et al. choose an enzyme-sensitive system that was able to
reduce the azo linkage [196]. Mesoporous was converted to mesoporous with an iodine functional
group; at a later stage, sulphasalazine was coupled to it, and two sulphapyridine and 5-amino-salicylic
acid drug precursors were loaded. Due to the placement of the mesoporous in the surrounding
enzyme reductase, the azo bond was broken, and the drug was released. Zinc et al. studied drug
delivery to liver tissue using mesopores [197,198]. Silica mesopores were modified via an intracellular
cyclodextrin complex. The addition of the cyclodextrin and the loading of rhodamine as a drug
material were accomplished simultaneously. To prevent a click reaction from taking place, a bulking
group was attached to cyclodextrin, which connected to the mesopores with two esters and amid
linkers. These two bonds are desirable when evaluating the effect of liver enzymes. However, the key
factor is which linkage is hydrolyzed under these conditions. The results indicate that the ester bond
was rapidly hydrolyzed. As a result, the bulk group was exited, and the drug was released.

Figure 18. Matrix metalloproteinases (MMPs) based on MSNs (mesoporous-peptide-BSA-LA)
responsible for releasing DOX in vivo.

5.4. Glucose-Responsive Drug Delivery

Zhao et al. synthesized a nano-carrier mesoporous silica nanoparticle-based drug delivery system
for glucose-responsive controlled release [199]. The glucose-responsive controlled release consisted
of insulin and cyclic adenosine monophosphate (cAMP). Gluconic acid-modified insulin (G-Ins) was
attached to the surface of the mesoporous MSN carrier, and cAMP molecules were encapsulated
inside the MSN. This system is suitable for the treatment of diabetes because it responds to just the
glucose levels in the blood. In addition, the cyclic adenosine cAMP, known as an insulin secretion
stimulating agent, can be encapsulated inside the pores, and then released subsequent to G-Ins diffusion
to regulate blood glucose levels (Figure 19). Aznar et al. have described the use of glucose oxides
conjugated with cyclodextrin as pore blockers of MSNs, which was previously functionalized with
propyl benzimidazole groups in order to form an inclusion complex with the cyclodextrin [200].
When glucose is added, glucose oxide decomposed this molecule into gluconic acid and resulted in a
pH drop which induces the protonation of the benzimidazole, opening the pore. Hei et al. designed an
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insulin delivery based on MSNs, which showed positive correlation with the species and concentration
of saccharides [201]. They proposed that the designed insulin delivery system presented glucose
responsiveness even in the serum but also a good biocompatibility toward liver cells.Appl. Sci. 2020, 10, x 20 of 36 
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5.5. H2O2-Responsive Drug Delivery

Targeting H2O2 as a diagnostic marker and therapeutic agent has shown great potential.
In 2012, Geng et al. reported on a biocompatible delivery platform based on an H2O2 responsive,
controlled-release system using mesoporous silica nanoparticles to realize the targeted delivery of
the therapeutic metal chelator for treating Alzheimer’s disease [202]. Increasing the levels of H2O2

led to the release of the metal chelator. The advantages of this delivery system are its excellent
biocompatibility, good cellular uptake, and appropriate intracellular release of metal chelators. Hence,
this delivery system shows the potential for controlled drug release applications. Guo et al. reported a
temperature and H2O2 dual-responsive nanovalve, which were fabricated from ferrocene modified
MSNs and cyclodextrin-poly(N-isopropylacrylamide) star shaped polymer due to the host-guest
interactions for controlled drug release and exhibited excellent anti-cancer activity [203].

5.6. ATP-Responsive Drug Delivery

ATP is the most abundant ribonucleotide used in cells as a co-enzyme, and it can be used as a
trigger for the controlled release of anticancer drugs. In 2011, Zhu et al. designed a novel and generally
bioresponsive controlled-release MSN system based on aptamer-targeted interactions [204]. In their
system, the pores of the MSNs were capped by Au nanoparticles that had been modified with the ATP
aptamer. They showed that the cargo was released when the MSNs were uncapped in the presence of
ATP molecules.

5.7. Thermo-Responsive Drug Delivery

As the literature has showed, the local temperatures of tumor sites are generally higher than the
temperatures at non-tumor sites. Hence, designing a temperature-responsive drug carrier that only
releases drugs at a temperature above 37 ◦C is a very useful method for killing tumor cells [194,205–207].
Poly(N-isopropylacrylamide) (PNIPAM) is one of the most popular temperature-sensitive polymers.
PNIPAM has a low critical solution temperature (LCST). Lopez et al. proposed a method centered
on small-sized MSNs that has become widely used due to the ability of the MSNs to control
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thermo-responsive drug delivery very well [196]. In this method, PNIPAM was grown on the
external surfaces of pre-synthesized MSNs. They showed that the PNIPAM-coated MSNs had no acute
cytotoxicity while exhibiting good endocytosis efficiency on human breast carcinoma cells. Zhang et al.
synthesized a new nano-carrier based on mesoporous SBA-15 containing Fe3O4 nanoparticles and
PNIPAM temperature-sensitive polymers inside the channels [199]. They increased the concentration
of FeCl2 in the solution after the formation of the micelles and added TEOS to the system to form
a stock sol. During the subsequent condensation reactions in the sol-gel process, surfactants were
added to serve as structure-determining agents. Finally, PNIPAM was linked in the mesoporous
channels. Yang et al. prepared Fe3O4 NPs and a mesoporous material, then placed the Fe3O4 NPs
in the center of the material [200]. Only the removal of the CTAB was required for the production
of the simple magnetic mesoporous material used, while the temperature-sensitive mesoporous
with 3-(trimetoxyl) propylmethacrylate (MPS) was acrylated in order to synthesize the mesoporous.
Subsequently, PNIPAM polymerization was observed around the mesoporous material, generating the
core-shell mesoporous structure.

5.8. Light-Responsive Drug Delivery

Light irradiation is a convenient, remote-control method used in drug delivery systems.
Light-sensitive molecules, such as azobenzene (AB), 0-nitrobenzyl ester, and thymine bases,
are anchored to the surface of MSNs to render them photochemically susceptible to the light-controlled
release [208,209]. Mal et al. described a UV light-induced, reversible-release drug system [206].
They showed that the uptake, storage, and release of organic molecules in MCM-41 can be carried
out through the photo-controlled, reversible intermolecular dimerization of coumarin derivatives
attached to the surfaces of the pores. In 2009, Park et al. showed that cyclodextrin-covered mesoporous
silica nanoparticles with photo-cleavable linkers exhibit photo-induced release characteristics [210].
Lu et al. reported in vivo insertion of AB into the pores [204]. The drugs that were loaded included
RB, polyimide (PI), and comptothecin. After the mesoporous silica carrier attacked the target tissue
with light irradiation, the azo bond converted rapidly to its trans and cis isomers. Meanwhile, the drug
was released from the cavities due to the repulsive force created by the very high mobility of the bulky
phenyl-functional groups attached to the nitrogen. Zhao et al. proposed the use of the properties
of a complex containing cyclodextrin, namely, its ability to create isomeric cis-and trans-azo, to alter
an in vivo delivery time via light [205]. As shown in Figure 20, aromatic compounds were initially
substituted for the MSN material. The bulk of the naphthalene then acts as an obstacle to the withdrawal
of cyclodextrin. Furthermore, when the azo-isomeric bond is used, cyclodextrin acted as a washer
and prevented the release of the drug. After a nanocarrier injection, light irradiation converted the
cis-isomer into a trans-isomer, allowing the drug to reach the target site. Tanaka et al. reported on
a light-controlled drug delivery system for direct drug release that was based on coumarin cavity
sizes [206]. When coumarin is exposed to UV light at wavelengths above 310 nm, it assumes a dimmer
structure but returns to monomer form at a shorter wavelength (254 nm). The dimmer of coumarin,
which is placed on the surface of the MCM-41 mesoporous material, reduces the size of the effective
cavity and prevents the release of drugs loaded inside the channels. Hence, radiation with shorter
wavelengths can open the channels and release the drug successfully. One of the main limitations of
these devices is the low penetration capacity of UV-Vis light in living tissues. In order to overcome this
problem, DDSs capable of responding to NIR radiation, which exhibits higher penetration capacity,
have been reported. Au nanoparticles present plasmonic properties that allow them to transform NIR
radiation into thermal energy. Chang et al. have reported a system based on Au nanorods encapsulated
within MSNs decorated with DNA double stands at gatekeepers [211]. Moreover, Yang and coworkers
designed a light-responsive, singlet-oxygen-triggered on demand drug release from photosensitized
chlorin e6 doped MSNs nanorods, coated with bovine serum albumin modified with polyethylene
glycol for cancer combination therapy [212].
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Figure 20. Cyclodextrin functionalized with silica mesopores for light-responsive drug delivery.

5.9. Magnetic-Responsive Drug Delivery

A magnetic-responsive controlled released system based on magnetic nanoparticles brings
drug-loaded nanoparticles to the tumor site under the influence of an external magnetic field. In 2011,
Chen et al. constructed MSN@Fe3O4 by capping MSN with monodispersed Fe3O4 nanoparticles
through chemical amidation [207]. The results of this study showed that in the presence of a magnetic
field, the amount of the drug released from the MSN@Fe3O4 increased. Magnetic-responsive drug
delivery is usually dependent on the temperature and nanoparticles, obeying two mechanisms. The first
mechanism is the Brownian motion provoked by the fast rotation of the magnetic nuclei, and the second
mechanism concerns the Nell functions describing the rotation of the magnetic moments [213,214].
In an interesting report, Yang et al. used an alternating magnetic field (AMF) to heat Fe3O4 NPs loaded
inside the pores [210]. In this work, MSNs were functionalized with the hexadecylmethylenediamine
(HDMD) ligand and formulated as a complex. At the time of reinforcement, the drug was also inserted
into the mesoporous cavities. Finally, the silica mesopores were exposed to the magnetic field, and,
following Hall’s law, the Fe3O4 NP vibrated and released the drug (Figure 21).
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Figure 21. Fe3O4/MCM-41-DMSA used in magnetic-responsive drug delivery.

5.10. Ultrasound-Responsive Drug Delivery

Ultrasound-responsive drug delivery belongs to the non-invasive stimulus category. Some studies
have shown that ultrasound can induce chemical reactions, even to the point of being able to cleave
some chemical bonds. Paris et al., prepared an ultrasound-responsive system on a MSN surface that
acted as a pore gatekeeper [215]. In this system, nanoparticles can be loaded with the drug at low
temperatures. Their study showed that MSN could be released by remote stimuli, which is essential in
drug delivery and cancer therapy.

6. Conclusions

Mesoporous-based nanoparticles are a new class of engineered materials that have shown excellent
potential for various applications, including as catalysts for the adsorption of pollutants and synthesis
of organic compounds, and as drug nano-carriers. In this review articles, some recent advances in the
synthesis and some application of well-established and well-studied classes of different mesoporous
silica structures, including MCM-41, SBA-15, and SBA-16 are highlighted. We explained that the
nanocatalyst-based mesoporous silicas have the ability to remove organic pollutants and can act as an
efficient catalyst for the synthesizing the final products with high yields due to the ease with which
their surfaces can be modified with various ligands, thus creating appropriate interactions with target
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molecules. In drug delivery processes, mesoporous materials have been used as nano-carriers due
their adjustable cavities and easy surface functionalization with target molecules and ligands. Due to
these properties, drug releases can be accomplished at a target site at a rapid rate through interactions
with various functional groups.

In addition, we discuss the parameters that are essential for their syntheses as well as their
important applications. When synthesizing mesoporous silica, some factors, such as the type of
surfactant material, co-surfactant used, silica source, temperature, alcohol, and pH, influence their
morphologies. In this regard, the use of mesoporous silica materials in potential applications requires
their modification with different functional groups and affinity ligands. For instance, silica nanoparticles
have many silanol groups at their surface that can be exploited for functionalization with various ligands,
including drug molecules. Furthermore, these conversions can be controlled via their hydrophilic
and/or hydrophobic properties as well as their bonding to guest molecules. Having a network of
pores with a highly ordered, homogenously uniform distribution of cavity sizes, high surface areas,
large volumes of pores, and easy functionalization makes them suitable for adsorbing hazardous
pollutants, organic syntheses, and drug delivery. The observed physio-chemical properties, as well
as their diverse applications, show that they have a bright future. In addition, the high versatility
of these smart nanosystems opens up opportunities for the development of nanocatalysts and novel
nanomedicines for the personalized therapy and diagnosis of many diseases with bad prognosis such
as cancer. Finally, the present review article aims to give a brief overview and update on the drug
delivery and catalytic applications of the silica mesostructures. By gathering all the research available
on this particular topic and writing up a wide and deep review, this study will serve as a reference for
chemists in both industry and academia sectors.

Author Contributions: M.M.: Main idea, supervision, final writing the manuscript. K.S.: First-draft preparation.
M.B.Z.: Data analysis and collection, software. M.D.: First-draft preparation. S.T.K.: Data analysis and collection,
software. J.S.: Data analysis and collection, software. A.F.: First-draft preparation. H.M.: Co-supervision,
final writing the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Ferdowsi University of Mashhad, and “The APC was funded by Ferdowsi
University of Mashhad”.

Acknowledgments: M.M. gratefully acknowledges the financial support from the Ferdowsi University of
Mashhad, the Iran Science Elites Federation (ISEF), Zeolite and Porous Materials Committee of Iranian Chemical
Society and the Iran National Science Foundation (INSF). M.M. also acknowledges the Cambridge Crystallographic
Data Centre (CCDC) for access to the Cambridge Structural Database. H.M. acknowledge the association of the
Chemical Industry, the Chemical Industry Fund for the financial supports.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

DDS Drug delivery system
SBA Santa Barbara amorphous
MCM Mobile crystalline matter
FSM Folding shield mechanism
TUD Delft University of Technology
HMS Hollow mesoporous silica
LCT Liquid crystal templating
CTAB Cetyl trimethylammonium bromide
HDTMA Hexadecyltrimethylammonium
PS-b-PAA Polystyrene-b-poly (acrylic acid)
TEOS Tetraethyl ortho-silicate
GSs Gemini surfactants
NTA N- tributylamine acetate
SDS Sodium decylsulphate
TMOS Tetramethyl ortho-silicate
TPOS Tetrapropyl ortho-silicate



Appl. Sci. 2020, 10, 7533 25 of 36

TMS Trimethoxysilane
TBOS Tetrabutoxysilane
CMT Critical micelle of the temperature
CP Cloud point
EO Ethoxy
CPP Critical packing parameter
EG Ethyleneglycol
RS Sudan red
MB Methylen blue
MPS 3-Mercaptopropyl trimethoxysilane
S-M Suzuki-Miyaura
TDDCs Targeted drug delivery carriers
ATP Adenosine triphosphate
BSA Bovine serum albumin
PAA Polyacrylic acid
RAFT Reversible addition-fragmentation chain transfer
HDMD hexadecylmethylenediamine
PI Propidinium iodide
PDDA Poly (dimethylethyldi-allylammonium chloride)
MMPs Matrix metalloproteinase
DOX Doxorubicin
MO Methyl orange
MR Methyl red
MG Malachite green
EB Everazol blue
4-NP 4-nitrophenol
RhB Rhodamine B
PDA Polydopamine
DBT Dibenzothiophene
DMDBT Dimethyldibenzothiophene
BT Benzothiophene
DT Dithiophene
THPC Tetrakis (hydroxymethyl) phosphonium chloride
MNPs Magnetic nanoparticles
MMNP Magnetic mesoporous nanoparticle
ε-CL ε-caprolactone
DMC Dimethylcarbonate
HMDS Hexamethyldisilazane
MSM Mesoporous silica microspheres
LA Lewis acid
XRD X-ray diffraction
cAMP Adenosine monophosphate
G-Ins Gluconic acid-modified insulin
PNIPAM Poly(N-isopropylacrylamide)
LCST Lower critical solution temperature
[BsAIm][OTf]/SCF [1-allyl-3-(butyl-4-sulphonyl) imidazolium] [trifluoromethane-sulphonate]/silica cellular foam
SC Silica cellular
β-CD β-cyclodextrin
MPS 3-(trimetoxyl) propylmethacrylate
AB Azobenzene
PI Polyimide
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AMF Alternating magnetic field
HD Hylanuridase
MBI N-methylbenzimidazole
CB Cucurbit
TMBQ Trimethyl-locked benzoquinone
LA Lactic acid
HA Hyaluronic acid
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