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Abstract: Over the last few years, research on silica nanoparticles has rapidly increased. Particularly
on mesoporous silica nanoparticles (MSNs), 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. Researchers have explored several routes to conjugate both imaging and therapeutic
agents onto MSNs, thus expanding their potential as theranostic platforms, in order to allow for
the early diagnosis and treatment of diseases. This review introduces a general overview of recent
advances in the field of silica nanoparticles. In particular, the review tackles the fundamental aspects
of silicate materials, including a historical presentation to new silicates and then focusing on the key
parameters that govern the tailored synthesis of functional MSNs. Finally, the biomedical applications
of MSNs are briefly revised, along with their biocompatibility, biodistribution and degradation. This
review aims to provide the reader with the tools for a rational design of biocompatible MSNs for
their application in the biomedical field. Particular attention is paid to the role that the synthesis
conditions have on the physicochemical properties of the resulting MSNs, which, in turn, will
determine their pharmacological behavior. Several recent examples are highlighted to stress the
potential that MSNs hold as drug delivery systems, for biomedical imaging, as vaccine adjuvants and
as theragnostic agents.

Keywords: drug delivery; biomedical applications; sol-gel; biomedical imaging; vaccines; theragnostic
agents; cancer; MSNs

1. Introduction

Nanoscience and nanotechnology have developed into the backbone of modern re-
search in last years as a result of the introduction of new and improved technologies [1].
Ranging from basic to applied sciences, with a focus on nanoengineering new materials, [2]
nanotechnology encompasses fundamental research, engineering and technology and en-
tails 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 [3]. Their physical, chemical and biological properties might be
completely different from those of bulk matter [4]. The unique features of these nanos-
tructures are attributed to quantum confinement or surface effects [5], which result in
interesting and potentially useful catalytic, magnetic, optical and electrical properties [6].
Consequently, nanomaterials have long been a subject of interest worldwide [7], allowing
for the development of a diverse range of advanced materials that brings together the
demands of high-tech and scientific applications [4], which are already revolutionizing
industries such as electronics, medicine and consumer products [8].
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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 [9,10].
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Figure 1. Material, shape, size and surface properties play an important role on the biophysicochemi-
cal properties of nanoparticles. Adapted from [10,11]. Copyright © 2022 WILEY-VCH Verlag GmbH
and Co. KGaA, Weinheim.

Nanomaterials can be broadly classified according to their organic or inorganic compo-
sition. Organic nanomaterials 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 [12]. Among the
inorganic materials, nanosized silica has been extensively studied and employed in a wide
range of applications [13].

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) [14]. 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 [8]. 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 [15]. 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. [16].
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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 [17]. In this respect, ordered mesoporous 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 [6].

Numerous researchers have described various synthetic methodologies for the prepa-
ration 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 [16,18]. Notably, the fabrication of mesoporous silica nanoparticles
is straightforward, scalable, economic and controllable.

This review is intended to provide an overview of the synthesis, formation mecha-
nisms, characterization, modification and applications of silica nanoparticles, in order to
highlight the recent trends on silicates that are of high significance. Special emphasis is paid
to the relationship between the parameters employed for their synthesis and the properties
of the resulting particles, both physicochemical and biological. To begin, the routes used
to produce MSNs, as well as the surface functionalization methods employed to modify
their surface and composition, are discussed. Next, a brief overview of the applications of
MSNs is provided, focusing on their use as drug delivery systems (DDS) and bioimaging,
the combination of which allows for their use as theranostic agents. Finally, a discussion
of the most significant physiochemical properties of MSNs that affect their in vivo fate
is presented, followed by a description of their potential biological applications using
various examples.

2. Silica Nanoparticles

The use of SiO2 nanoparticles (NPs) has increased in recent years, due to the di-
versification 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. SiO2 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 [4]. 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 [2].

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 [1,19,20].
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In 1956, Kolbe [21] 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, Stöber et al. [22] devel-
oped a system that allowed the controlled growth of spherical silica particles with uni-
form sizes (50 nm–2 µm) via the hydrolysis of alkyl silicates and their subsequent con-
densation 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 (nuclei) aggregate together to form
dimers, trimers and progressively larger particles (secondary particles) [4]. 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 [23]. 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 [12,24].

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 [25].
Following the hydrolysis reaction, the condensation reaction occurs immediately [14]. Dur-
ing 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 unpro-
tonated silanol groups [25]. 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 (OC2H4)4−x (OH)x] 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) [14].
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Numerous alkoxysilane precursors (Si(OR)4) have been reported, including tetram-
ethyl orthosilicate (TMOS) or tetraethyl orthosilicate (TEOS) (Figure 2), which undergo
hydrolysis and condensation reactions upon specific pH conditions [27].
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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 [25].

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 [28]. 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 [29]. 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 [4].

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 re-
search groups have introduced improvements in the hydrolysis method to achieve uniform
shape and monodisperse distribution [16] and novel routes have been explored for the
preparation of silica nanoparticles that have short reaction times, excellent reproducibility
and are simple to prepare [30]. 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 pro-
duction of pure silica particles [31]. Despite the fact that a detailed explanation of each
methodology is outside the scope of the present review, we believe that energy-assisted
syntheses present some unique benefits.
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Energy-assisted approaches, namely the microwave- or ultrasound-induced formation
of SiO2 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 SiO2 nanospheres using microwave, for instance, TMOS in the presence of HCl 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 SiO2 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 [32]. 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 [24]. 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 [33].

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 [34].

In 1990, Yanagisawa et al. [35] reported the condensation of silicate layers to form
a structure of 3D “nanoscale pores” [36]. 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 mate-
rials. On their basis, in 1992, Mobil Corporation Laboratories designated a new family of
amorphous and ordered mesoporous inorganic materials with exceptionally large and uni-
form pore conformations, narrow pore size distributions and large surface areas: the M41S
(molecular 41 sieves) [34,36,37]. 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 [19,38]. 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 devel-
oped [39]. Later, 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 [20]. 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 [25].

Among the mesoporous silica systems, MSNs offer outstanding advantages over non-
porous silica nanoparticles, such as large pore volume (0.6–1.5 cm3/g), high surface area
(700–1000 m2/g), tunable particle sizes, tailorable pore diameter (2–10 nm), high thermal,
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chemical and biological stabilities, ease of functionalization, biodegradability and good
biocompatibility [40,41]. MSNs have a high rate of mass transport, a high affinity for
substrates and a high dispersibility in solutions [42]. 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 [43]. The particle size, pore
diameter and characteristics of the silica NPs depend on the synthesis conditions [44].
Some examples of silica NPs, analyzed by transmission electron microscopy, are illustrated
in Figure 3.
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Silica spheres possessing nanopores of well-defined size and connectivity are of sig-
nificant interest, for instance, for the use in catalysis, chromatography, for the controlled
release of drugs and as hosts for optically active compounds [45].

2.2.1. Synthesis of Mesoporous Silica NPs

Since their development, a variety of mechanisms have been proposed to explain the
formation of MSNs [2]. 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 [19].

Grun et al. reported the synthesis of MSNs with multiple dimensions, pore sizes, struc-
tures and morphologies using a modified Stöber’s method [22,25]. Constant research has
resulted in variations of the synthesis conditions and methods to yield stable and monodis-
perse MSNs [1]. 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 [23]. 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 [46,47].
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
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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 [25]. 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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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 [21,48,49]. Accordingly, the final product is a silicate skeleton
that contains voids and mimics these mesophases [36]. 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 [50,51]. 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) [36]. On the other hand, the
surfactant creates a hexagonal structure before the silica precipitates around this template,
forming the mesoporous structure [20].
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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 [48,49].

Frasch and co-workers [52] proposed a similar model to the one reported by Cai et al. [53],
in which silicate/surfactants rod-micelles form in the first step and then pack together in
an ordered fashion to form the mesoporous nanoparticles [54].

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 [23,53]. 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 [23]. 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 [20].

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) [55], 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 [48].
MSNs can be synthesized using anionic, cationic, neutral surfactants or non-surfactant
template pathways [56]. 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 [1,25].

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 [45], 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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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 [25]. 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 [19]. 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 [19].
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 > pI~2.0), while below the isoelectric point, positively charged silicate ions
act as counter ions [19,26]. 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 [57].
As shown in Figure 6, at pH values lower than the isoelectric point (pH ~2), the con-

densation is acid-catalyzed [58], the silica species are also positively charged and the charge
density increases as the pH decreases [46]. At pH > 2, the condensation rate increases with
a pH up to about 7.5 [58]. 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 posi-
tively 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 [22,59]. Thus, the
condensation reaction of silicates can be represented as follows:

-Si-O− + HO-Si-→ -Si-O-Si- + OH− (1)
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The effect of pH on the morphology of MSNs was studied by Yang et al. [60]. They
demonstrated that, under mildly acidic conditions, 1–10 µm spherical mesoporous particles
are formed. Furthermore, Voegtlin et al. [61] reported the room temperature synthesis
of MSNs at pH values ranging from 8.5 to 12. Finally, Chiang et al. [62] studied all the
parameters that can influence the particle size of MSNs, concluding that the pH played a
key role [63].

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 [19]. A homogenous spherical particle
size distribution can be achieved at low concentration of CTAB (as cationic surfactant).
Cai et al. [53] generated MSNs with different shapes, such as spheres, rods and micrometer-
sized oblate silica by tuning the concentration of TEOS, NaOH/NH4OH and CTAB [1].

The pore width can also be adjusted, either during the synthesis or by post-synthesis
hydrothermal treatments [64]. 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 [59].
For instance, substituting the dodecyltrimethylammonium ion for a hexadecyltrimethy-
lammonium ion (commonly known as CTAB) produced a sample of MCM-41 with 2–3 nm
pore diameters [65]. 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 [64]. 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 [56].

Considering different modes of interaction between the silica precursors and surfac-
tants, several models have been proposed [19]. Electrostatic charge-matching between
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cationic surfactants (S+) and anionic inorganic precursors (I−) is particularly effective for
generating mesostructures with hexagonal, cubic or lamellar symmetry.

Schüth, Stucky and co-workers [66] included a charge-reversed S− I+ pathway between
anionic surfactants, such as sulfonates, phosphonates, carboxylates and cationic precursors.
Tanev and Pinnavaia [67] demonstrated that the assembly of hexagonal mesoporous metal
oxides can be achieved between neutral amine surfactants (S0) and neutral inorganic
precursors (I0) [68]. 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 (S0) or nonionic PEO-based surfactant (N0) with neutral inorganic
precursors (I0) [69].

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 [70].

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 [19]. Di Renzo and co-workers [71]
described the synthesis of spherical MCM-41 using various silica sources, showing their
dominating role in the morphology of MCM-41 silicates [72]. K. Yano and Y. Fukushima [73]
succeeded in preparing large MSNs from alkoxysilanes with longer alkyl chain lengths, such
as tetrapropoxysilane, since their hydrolysis rates are slower than those of tetramethoxysi-
lane and tetraethoxysilane [33,74]. Nooney et al. [54] prepared MSNs with sizes ranging
from 65 to 740 nm by using different TEOS/surfactant ratios under diluted conditions [63].
When the TEOS concentration increases, both the hydrolysis rate and condensation rate be-
come 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 combina-
tion should be considered to control the morphology of these particles [30]. 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 of water and ethanol [18], 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 [75]. Zhang et al. [16] 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. Stöber, Fink and Bohn [22] 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 [76], while more uniform particles were obtained in 1:3 mixtures of methanol/n-
propanol. Additionally, Stöber 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 µm.

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 [14]. Am-
monia, as a morphogenic catalyst, leads to more spherical morphologies [54]. Cai et al. [53]
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synthesized different particle morphologies by selecting sodium hydroxide over ammo-
nium 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 [77]. Nanoparticles prepared by the Stöber 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 [30].

As it has been mentioned before, the size of MSNs can be modified by the addition
of certain compounds. Anderson et al. [51] reported the influence of various co-solvents
and water mixtures on the size of MSNs. Gu et al. [78] proposed the use of EG, as it can
decrease the interaction between the silica species and surfactants, thus reducing the size of
nanoparticles [42,74]. 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. [79]
generated diverse morphologies, such as rods, beans, or spheres, with precisely controlled
particle sizes. [64]. Schulz-Ekloff et al. [39] 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 [42,60,80].

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 [81]. As a consequence, the reaction
temperature can change the properties of the particles, mainly affecting the particle size.
For example, Narayan, Reema et al. [1] 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 [63,64,82].

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, compos-
ites and fillers [80]. 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 [83].
Hollow MSNs (HMSNs), a sub-class of MSNs with interstitial hollow space with extraordi-
narily high loading capacity, low density and high specific area, have been advocated as
the new-generation of DDSs [63]. 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 [1].

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 [80], including
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microemulsions, soft templating and hard templating [18]. However, the most frequently
used approach for the synthesis of HMSNs 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 [1]. 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 [84].

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 [80].
When an appropriate etching agent is used, a selective etching takes place at the interior,
while the outer shell remains mostly intact and the hollow structure is formed [20]. 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 [85].
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 [83].
Tanev and Pinnavaia [86] condensed silica in the interlayer regions of multilamellar vesicles
to form roughly spherical particles with stable lamellar mesostructures [87]. Using another
approach, Lin et al. [88] prepared thermally stable NPs in a water-in-oil (w/o) emulsion,
consisting of water, hydrocarbons and cationic surfactants [63].

The hard template method hollow-structured MSNs can be obtained with the selective
elimination of the core particles [30]. 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. [45] 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 nanoparti-
cles as sphere templates and hexadecyltrimethylammonium bromide (C16TMABr) 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 [30].

In the biomedical field, both discrete and monodispersed HMSNs 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 [63].

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 MONs are quite new, they already account for at least 10% of the papers
currently being published on silica NPs [23].
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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 [89,90]. 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 organosi-
lanes ([(XO)3Si]n–R, where R is an organic group, n≥ 1) are hydrolyzed in basic media, reac-
tive 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 (SiO2) or silsesquioxane frameworks (e.g., O1.5Si-R-SiO1.5). Al-
though 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 [89].

MONs and PMO structures provide exponentially more design possibilities, as com-
pared with MSNs, with the high potential of making uniquely functional silica nanoparti-
cles, due to the flexibility of the organic R group, as previously mentioned [18]. Homoge-
neously distributed organic moieties throughout the mesoporous framework have a crucial
impact on the size, the porosity and the morphology of the hybrid nanomaterials [91,92].
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 [23,93]. 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 [23]. Importantly,
modifications of the R group allow for control over the biodegradability of these NPs, as will
be described below in Section 5.2, being a key point for their biomedical application [90,94].

MONs and PMO NPs have been advocated as some of the most prosperous nanoma-
terials 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 [23,93].

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 [17,95]. In 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 [23,89].

3. Applications of MSNs

Numerous research groups have employed monodispersed silica colloids in a diver-
sified range of applications. It is always preferable to use silica particles with specific
particle size and narrow size distribution [14], hence the interest of the previous section.
MSNs have several potential applications, depending on their size, shape, connectivity
and the nature of their pores. Sacks and Tseng [96] used silica colloids to pack ordered
structure membranes and investigated their sintering behavior. Unger et al. [97] applied the
submicron silica colloids as packing material for capillary chromatography. Míguez et al.
conducted numerous studies on the use of monodispersed silica colloids to fabricate pho-
tonic crystals of 3D periodic structures [98]. Due to its regular pore structure, pore shape
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and large internal surface area, MCM-41 has attracted considerable interest [38]. MCM-41
may find significant use as an adsorbent, due to its hydrophobic and hydrophilic character-
istics, which vary depending on the exact composition and/or post-synthesis modifications.
Consequently, the removal of hydrocarbons from water, storage of gases (H2, O2, CH4,
etc.) and separation of biological and pharmaceutical compounds have been deemed as
potential areas for the application of MCM-41. MCM-41 may also be useful in the devel-
opment of environmentally safe processes, including the replacement of environmentally
hazardous catalysts. The catalytic properties of MSNs can be adjusted by changing the
surface morphology to incorporate different metal oxides and metal complexes into the
MCM-41 framework [63]. In addition, metal and metal complexes encapsulated within
the internal surfaces of MCM-41 and offer significant promise as potential alternatives
to conventional heterogeneous catalysts, due to their ready regenerability, shape selec-
tivity, easy separation and recovery [36]. An emerging area of research that is obtaining
increased attention focuses on the use of silica scaffolds, including MSNs, for the creation
of nanorobots [99,100]. From the wide variety of applications of MSNs, we will focus
on their use in the biomedical field and, in particular, as drug delivery systems and for
biomedical imaging. This is because their combination allows for the use of these versatile
nanosystems in the fast-evolving field of theranostics. The presence of an imaging and
therapeutic agent in the same nanoparticle allows not only for ensuring the delivery of the
therapeutic agent at the targeted site, but also for monitoring the therapeutic effect.

3.1. MSNs in Biomedical Applications

MSNs contain small channels that improve the transport of biomolecules. As a result,
these materials are considered excellent carriers for drug delivery, due to their specificity,
dispersibility and capacity to load and deliver a high concentration of different molecules.
Their textural properties favor their use for the treatment of various diseases, including
diabetes, inflammation and cancer, as well as in bone/tendon tissue engineering [15]. The
biological applications of MSNs also include their use as imaging and diagnostic agents.
MCM-41 was the first mesoporous silica material to be reported as a DDS. Since then, MSNs
have been identified as promising nanocarriers for the transport of highly toxic drugs, such
as chemotherapeutic agents with site-specific characteristics, for the purpose of selectively
killing tumor cells [63]. Additionally, the drug diffusion kinetics can be controlled via
the functionalization of the silanol groups on the external surface and the interior pores
of MSNs. The functionalization might also facilitate the loading of organic molecules,
including not only therapeutic, but also imaging agents [63].

The rational delivery and targeting of therapeutic and diagnostic agents is at the
forefront of cancer research [101]. Cancer is one of the leading causes of death globally,
especially in western countries, posing an enormous challenge, in terms of prevention and
treatment. According to the International Cancer Observatory, roughly 19 million people
have developed cancer and 9.9 million have died, in 2020 [102]. Cancer is commonly de-
fined as an uncontrolled proliferation and development of cells in tissues, forming tumors
that may potentially create metastasis by their expansion to a whole organ or systemically
to other tissues [103]. Recent advances in nanotechnology have offered new opportunities
for cancer prevention, diagnosis and treatment [104,105]. Thus, novel nano-scale materials
are being proposed for use as potential drug delivery systems, diagnostic markers and
contrast agents in medical imaging [106,107]. One of the most significant challenges in
nanotechnology-based cancer targeted therapy is achieving sufficiently high drug con-
centrations in tumor locations and minimizing accumulation in the healthy tissue, thus
improving the therapeutic efficiency and reducing side effects. Thus, the biodistribution,
metabolism and clearance of these nanoparticulate DDSs determine the final therapeutic
index. Additionally, it is defined by their capacity to cross biological barriers and penetrate
and accumulate in tumor tissues [18]. Chemotherapy currently requires high doses of
cytotoxic drugs, due to their lack of specificity, which results in severe cytotoxic effects
on healthy tissues and organs and, consequently, results in severe adverse effects in the
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patient. Conventional antitumor drugs are small and can pass through blood vessels in
tumors and healthy tissues. As a result, they are rapidly eliminated from the bloodstream,
necessitating high doses to achieve therapeutic levels [108]. While some nanoparticles
exhibit acute toxicity, the therapeutic dose for MSNs delivery is well below the toxic dose,
making them an excellent choice for medical applications [23,109].

Even though, to the best of our knowledge, there are no ongoing clinical trials with
MSNs to date, a pilot study was performed in humans with ordered mesoporous silica [110].
An enhancement in the bioavailability of a drug with poor solubility (fenofibrate) was
observed after oral administration in the absence of serious adverse events. On the other
hand, other silica formulations reached clinical trials; some of them are currently ongoing
and others have been already completed (NCT02106598, NCT04167969, NCT01436123).
Silica nanoparticles (core) with a gold shell, Auroshells, have already shown successful
results in head, neck and prostate cancer patients in clinical trials [111] (NCT00848042,
NCT04240639, NCT02680535 and NCT04656678). Ultrasmall silica nanoparticles (Cornell
dots), also tested in clinical trials (NCT03465618, NCT01266096 and NCT02106598), have
shown feasibility and safety in humans [112]. At the micro-scale, radioactive silica micro-
spheres (TheraSpheresTM) have been approved for their use in humans for the treatment
of liver cancer, showing the potential of the silica-based materials to be translated to the
clinic [113]. One of the current scientific goals is to develop targeted smart drug delivery
nanosystems capable of effectively delivering a drug dose to target cells [43].

3.1.1. MSNs as Drug Delivery Systems

Among all available nanomaterials and inorganic structures, porous silica materials,
with their tailored mesoporous structure and high surface area, comprise one of the most
promising nanocarriers in drug delivery, since they exhibit significant advantages over
traditional delivery systems [2]. The promising properties of MSNs for drug delivery
applications can be clearly appreciated by the large amount of research articles that have
been recently published in this area. Some selected examples are included in Table 1,
reflecting on the versatility of MSNs to transport diverse drugs and treat multiple diseases.
Using conventional and new DDS, they are expected to overcome the main problems
in drug delivery, including unfavorable pharmacokinetics and biodistribution, which
lead to undesired side effects, premature drug degradation in the blood and inefficient
uptake at targeted sites, which lead to low drug efficacy. Currently, only a small number
of nanocarriers are capable of achieving this feat [70]. The aim of such nanocarriers is
to encapsulate, chemically attach, or adsorb therapeutic agents to the nanoparticles to
overcome drug solubility problems. Functionalization of their surface with antibodies
or appropriate ligands allows for the use of nanoparticles for targeting specific cells and
tissues within the body [101]. Since the initial studies in the early 2000s by Vallet-Regí et al.
using MCM-41 and ibuprofen as the model drug [59], an exponential increase in research
on MSNs as DDS has been witnessed [17]. Although most nanocarriers have been primarily
used for single drug delivery, mesoporous silica materials are considered excellent carriers
for drug delivery, due to their morphology and unique properties, which facilitate the
introduction of a number of therapeutic agents into the pores [114]. The large amount of
pores and the high surface area define MSNs as a potential multifunctional theranostic
agent. They are especially appropriate for incorporating the essential capabilities of a
theranostic platform in a single particle, with separate domains for the contrast agent
(that enables traceable imaging), the drug payload (for therapeutic intervention) and the
biomolecular ligand (for highly targeted delivery). Moreover, the adjustable pore size
allows us to improve the control over the drug loading and release kinetics. The therapeutic
efficacy can be also improved, thanks to modifiable surface for controlled and targeted
drug delivery, at the same time decreasing their toxicity. In addition, the combination
with magnetic and/or luminescent compounds enables simultaneous drug delivery and
bioimaging [106]. MSNs presents notable biocompatibility and delivery abilities, but their
distinctive point with other carriers is their flexible platform that endows the system with a
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range of potential functionalities and modifications. Lastly, they are easy to produce, being
interesting in terms of practicality, as with the new synthetic processes and the abundance
of silica precursors MSNs can be produced at low costs and in large quantities [70,115].

All these advantages have led functionalized MSNs to represent a feasible alterna-
tive therapy for multiple and diverse diseases that lack effective treatment nowadays.
Thus, drug delivery by MSNs has shown promising preclinical results in vivo not only for
cancer (including melanoma [116], pancreas [117], bladder [118], breast [119] and osteosar-
coma [120], among others), but also myocardium infarction [121], cartilage [122] and bone
regeneration [123,124], neurodegenerative diseases, such as ALS [125] or Alzheimer [126]
and infection prevention with vaccines [127], to name some.

While MSNs inherently have a greater loading capacity than other carriers, due to
their large pore volume, there is a way to improve MSNs loading. As already mentioned,
hollow MSNs (HMSNs), thanks to their hollow cavities, have been demonstrated to be
a better carrier, in terms of loading capacity, as 3–15 times higher loading of drugs was
observed when compared to MSNs [1].

3.1.2. MSNs in Biomedical Imaging and as Theranostic Agents

In the field of nanomaterials and nanobiomedicine, numerous multifunctional MSNs
have been extensively studied, due to the advantageous chemistry of silane groups. The
interior pores of MSNs facilitate the loading of MRI contrast agents, fluorescent molecules
and positron emission tomography (PET). These can be combined with drugs, which, as
previously discussed, hold great interest for theranostic applications, as has been mentioned
before [128,129]. Table 2 summarizes some of the most recent studies that develop MSN
platforms for bioimaging or for theranostic applications.
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Table 1. Selected recent examples of MSNs developed as drug delivery systems and evaluated in biological models. Sample names used by the authors are included,
since, in some cases, they provide information about the composition of the nanocarrier. EDTA: EthyleneDiamineTetraacetic Acid. MSN: Mesoporous Silica
Nanoparticle. NA: Not Available. PEG: PolyEthylene Glycol.

Aimed
Disease or
Condition

Sample Name Size Targeting and/or
Triggered Release

Surface
Modification (s) Therapeutic Agent (s) Biological Model (s)

In Vivo
Administration

Route
Reference

Gastrointestinal
oral

absorption
efficiency

FFB-MSNs

Diameter:
130 nm

Passive targeting - Fenofibrate (FFB)

In vitro drug release
In vivo rats (Sprague Dawley strain):

pharmacokinetics and intestine
uptake and retention

Oral (water) [130]
W: 65 nm;
L: 185 nm

W: 50 nm;
L: 23 nm

Gastrointestinal
oral absorption

efficiency

IMC–MSNs@HPMC
~60 nm Passive targeting - Indomethacin

In vivo rats (Sprague-Dawley):
pharmacokinetics and biodistribution Oral [131]

IMC–MSNs@Kollicoat IR

Amyotrophic
Lateral

Sclerosis (ALS)
MSN-LEP-PIO ~94 ± 15 nm. Passive targeting

(3-Aminoprop-
yl)triethoxysilane
(AP), leptin and

pioglitazone

Drug cocktail: Leptin (LEP)
and Pioglitazone (PIO)

In vitro drug release

Intraperitoneal [125]
In vivo mice (transgenic, TDP-43

proteinopathy (TDP-43A315T mice):
functional evaluation biodistribution.

Alzheimer MSN-CCM 60 nm Thermo-
responsiveness - Curcumin (CCM)

In vitro ex vivo mucoadhesion and
permeation studies, cytotoxicity Hydrogel: oral;

intranasal
[126]

In vivo mice (Swiss albino):
behavioral assessment

Blood–brain-
barrier

crossing
MSN-TQ 90 nm Passive targeting - Thymoquinone (TQ)

In vitro drug release

Intraperitoneal [132]In vivo rats (SD): biodistribution,
oxidative and non-oxidative stress

parameters (GST, GSH, NO)

Miocardium
infarction MSN-NGR1-CD11b 83 nm Active targeting

(CD11b)
- Notoginsenoside R1

(NGR1)

In vitro cytotoxicity assay, ROS
generation, oxidative DNA damage
assessment, apoptosis assessment

Intragastric,
intravenous. [121]In vivo mice (BALB/c nude,

C57BL/6J; Zsgreen transgenic),
myocardium infarction model:

biodistribution, toxicity

Liver fibrosis IMB16-4-MSNs ~60 nm Passive targeting -
IMB16-4 (N-(3,4,5-

trichlorophenyl)-2(3-
nitrobenzenesulfonamide)

benzamide)

In vitro drug release, cytotoxicity,
antifibrotic effect evaluation

Oral [133]
In vivo rats (Sprague-Dawley);

pharmacokinetics
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Table 1. Cont.

Aimed
Disease or
Condition

Sample Name Size Targeting and/or
Triggered Release

Surface
Modification (s) Therapeutic Agent (s) Biological Model (s)

In Vivo
Administration

Route
Reference

Bone
regeneration

in osteoporosis

NaLuF4:Yb,Tm@NaLuF4
@mSiO2-EDTA-E2

20 nm Active targeting
(EDTA)

EDTA 17β-estradiol (E2)

In vitro cytotoxicity, cellular uptake,
alkaline phosphatase and alizarin

red S staining
Intravenous [133]

(E2-csUCNP@MSN-
EDTA, UCHRT)

In vivo mice (Kunming mice):
biodistribution, mechanical

assessment, bone
turnover assessment

Periodontal
bone

regeneration
in diabetes

mellitus

PPP-MM-S

~ 50 nm
Thermo-

responsiveness
(PDLLA-PEG-

PDLLA)

PDLLA-PEG-
PDLLA

SDF-1

In vitro osteogenesis assessment,
ROS generation, alkaline phosphatase
and alizarin red S staining, migration

assay, cytotoxicity, protein
profile assessment Hydrogel [123]

(PDLLA-PEG-PDLLA-
Met@MSN-SDF-1)

In vivo rats (Sprague-Dawley):
degradation assessment, toxicity,

bone regeneration assessment

Vascularization
for bone repair S1P@MSNs/ALG/NOOC ~150 nm Passive targeting Alginate (ALG)

and chitosan (CHI)

aldehyde hyaluronic acid
(AHA) and

N,O-carboxymethyl
chitosan (NOCC)

In vitro degradation, drug release,
cytotoxicity, migration assay,

chorioallantoic membrane assay Topic [134]
In vivo mice (ICR):

vascularization assessment

Antiangiogenic
therapy

Bevacizumab-MSN

140 ± 18 nm
Active targeting

(vascular endothelial
growth factor

receptor, VEGFR)

PEG Bevacizumab

In vitro drug release, cytotoxicity,
tube formation assay

Intravitreal [135]
MSN-encapsulated

bevacizumab

In vivo mice (C57BL/6J):
pharmacokinetic evaluation,

neovascularization assay

Hepatitis C
infection

VLP-MSNs 186 nm Passive targeting - Velpatasvir
In vitro drug release, cytotoxicity

Oral (food) [136]In vivo rats (Sprague-Dawley):
pharmacokinetics, toxicity

Hemorrhage MSN–GACS ~60 nm - -
glycerol-modified

N-alkylated chitosan
sponge (GACS)

In vitro hemostatic efficiency assays,
hemolytic test, cytotoxicity

Topic (gauze) [137]In vivo rats (Sprague-Dawley), liver
injury model and prognosis; rabbits

(New Zealand), femoral artery
injury model

Wound
infection AMPC@siTNF-α ~100 nm - PEG, CFL,

siTNF-α

Silver (Ag+), Ciprofloxacin
(CFL) and Tumor Necrosis

Factor-α (TNF-α) small
interfering RNA (siTNF-α)

In vitro drug release, cytotoxicity,
hemolysis, anti-inflammatory assay,

anti-bacterial activity assessment
In vivo mice (BALB/c): wound

healing assessment, safety

Topic [138]



Pharmaceutics 2022, 14, 2703 21 of 49

Table 1. Cont.

Aimed
Disease or
Condition

Sample Name Size Targeting and/or
Triggered Release

Surface
Modification (s) Therapeutic Agent (s) Biological Model (s)

In Vivo
Administration

Route
Reference

Infections and
cancers

MSNs@Cy7-PA-
C1b@FA-GO

100–120 nm

Active targeting
(folic acid) Graphene oxide

(GO), folic acid
(FA)

Antimicrobial peptide
PA-C1b (chensinin-1b

conjugated with
palmitic acid)

In vitro drug release, intracellular
localization assessment

Intratumor [139]
Light-mediated
peptide release

In vivo mice (nude): biodistribution;
anticancer activity

Cancer
(melanoma) CP/CQ@MSN−HtB/Cu2+ 160 nm

Active targeting (HtB) Histidine-tagged
targeting peptide

(HtB) and Cu2
(pore sealing)

Cisplatin (CP) and
chloroquine (CQ)

In vitro drug release assay,
cytotoxicity, cellular uptake,
intracellular ROS generation

Intravenous [116]

pH-responsiveness
In vivo mice (C57BL/6),

subcutaneous model: biodistribution,
antitumor efficacy and biosafety

Cancer
(pancreas)

CyP-MSNs
252 ± 40 nm Passive targeting PEG

Cyclopamine (CyP),
gemcytabine (Gem),

cisplatin (cisPt)

In vitro cytotoxicity, pathway
inhibition assay Intratumor,

intravenous [117]
PEG-Gem-cisPt-MSNs In vivo mice, subcutaneous model:

antitumor effect

Cancer
(bladder) c(RGDfK)-MSN NPs 100–200 nm Active targeting

(RGDfK)
PLGA-PEG

decorated with
c(RGDfK)

miR-34a and siPD-L1

In vitro siRNA/miRNA release,
cellular uptake, cytotoxicity,

migration and invasion assays, target
inhibition, protein expression Intravenous [118]

In vivo mice, intraperitoneal model:
antitumor effect, toxicity assay

Cancer (breast) MSN-Res ~60 nm Passive targeting - Resveratrol (Res)

In vitro cytotoxicity, cell migration
and invasion assays, annexin-V assay

NA [119]In vivo mice (BALB/c nude),
subcutaneous model: antitumor

effect, toxicity assay

Cancer (os-
teosarcoma)

MPCT@Li-R NPs

95 nm Active targeting
(RGD)

Liposome shell;
RGD

Photosensitizer chlorin e6
(Ce6) and MTH1 inhibitor

TH588

In vitro drug release assay,
cytotoxicity, hemolysis assay, cellular

uptake, ROS generation assay
Intravenous [120]

MSN-Pt NPs
In vivo mice (BALB/c nude),

subcutaneous model: biodistribution,
antitumor therapy, toxicity

Cancer (lung) MSN@OHA-
Ce6/BSO/Pt ∼211.4 nm pH-responsiveness

Oxidized
hyaluronic acid

(OHA) as
pore-blocking

agent.
+ Cisplatin (Pt),
Chlorin e6 (Ce6)

Buthionine-sulfoximine
(BSO), chlorin e6 (Ce6) and

Cisplatin (Pt)

In vitro drug release assay, cellular
uptake, ROS generation, cytotoxicity

Intravenous [140]
In vivo mice (nude), subcutaneous

model: biodistribution,
biocompatibility, antitumor
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Table 1. Cont.

Aimed
Disease or
Condition

Sample Name Size Targeting and/or
Triggered Release

Surface
Modification (s) Therapeutic Agent (s) Biological Model (s)

In Vivo
Administration

Route
Reference

Cancer
(gastric) MSN/Res-PEI-FA 100 nm Passive targeting Polyethylenimine

(PEI), folic acid (FA)
Resveratrol (Res)

In vitro cytototoxicity, apoptosis
assay, migration and invasion assays

NA [141]
In vivo mice (BALB/c nude) SC:

antitumor effect and toxicity

Solid tumors 1j@-MSN-PBA-GN ~86 nm

Active targeting
(phenyl boronic acid,

PBA) PBA 1j
(synthetic compound)

In vitro intracellular drug release and
uptake, cytotoxicity; ROS generation

and mitochondrial
membrane potential Intravenous [142]

Redox-
responsiveness

In vivo mice (Swiss albino mice):
biodistribution, antitumor effect

Cancer (breast) DOX@MSN-CHI-RGD-
PEG ~155 nm

Active targeting:
adamantane-glycine-

arginine-glycine-
aspartic acid-serine

(Ad-GRGDS) mPEG Doxorubicin hydrochloride
(DOX)

In vitro stability, drug release,
cytotoxicity, antitumor assays,

cellular uptake
Intravenous [143]

pH-responsiveness In vivo mice (BALB/c), orthotopic
model: antitumor, toxicity

Cancer DOX-loaded MSN@M ~ 90 nm
Active targeting

(mesenchymal stem
cells membrane)

Mesenchymal
stem cells

membrane (M)
Doxorrubicine (DOX)

In vitro drug release, cellular uptake,
cytotoxicity, immune escape capacity

Intravenous [144]In vivo mice (BALB/c nude; ICR),
subcutaneous model:

parmacokinetics, biodistribution,
antitumor effect, biocompatibility

Cancer
(melanoma) MSN(Mn)-ICG/DTIC 125.57 ± 5.96 nm Photothermal

activation
- Dacarbazine (DTIC) and

indocyanine green (ICG)

In vitro cytotoxicity,
chemo-phototherapy, apoptosis assay

Intratumor [145]
In vivo mice (BALB/c nude),

subcutaneous model: antitumor effect

Cancer (liver) TLS11a-LB@TATp-
MSN/DOX

100 nm

Active targeting:
Liver cancer-specific
aptamer (TLS11a-LB)

and nuclear
targeting (TATp)

Lipid bilayer, PEG. Doxorrubicine (DOX)

In vitro drug release, intracellular
localization, cytotoxicity

Intravenous [146]In vivo mice (BALB/c), subcutaneous
model: biodistribution,

antitumor effect

Cancer (colon)
PEG@MSNR-CPT

PEG@MSNR-CPT/Sur
Apt-PEG@MSNR-

CPT/Sur

~250 nm
~150 nm
~150 nm

Active targeting
(nucleolin)

APTES, PEG Camptothecin and survivin
shRNA

In vitro drug release, cytotoxicity,
apoptosis assay

Intravenous [147]
In vivo: C26 tumor bearing mice:
biodistribution, antitumor effect
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Table 1. Cont.

Aimed
Disease or
Condition

Sample Name Size Targeting and/or
Triggered Release

Surface
Modification (s) Therapeutic Agent (s) Biological Model (s)

In Vivo
Administration

Route
Reference

Cancer (breast) Umbe@MSN-PAA-FA 40–50 nm

Active targeting
(folic acid) Polyacrylic acid

(PAA), folic acid
(FA)

Umbelliferone (Umbe)

In vitro drug release and intracellular
uptake; cytotoxicity, ROS generation,

MMP determination
Intravenous [148]

pH responsiveness
(PAA)

In vivo mice (Swiss albino):
biodistribution, antitumor effect,

toxicity systemic evaluation

Solid tumors CMSN-PEG 150 nm Passive targeting PEG Celastrol (mitochondrial
targeting)

In vitro drug release, cytotoxicity,
cellular uptake, apoptosis assessment

Intravenous [149]In vivo mice (BALB/s nude),
subcutaneous model: antitumor effect

and toxicity

Table 2. Selected recent examples of MSNs developed as biomedical imaging or theranostic agents and evaluated in biological models. Sample names used by
the authors are included, since, in some cases, they provided information about the composition of the nanocarrier. MSN: Mesoporous Silica Nanoparticle. MRI:
Magnetic Resonance Imaging. NA: Not Available PEG: PolyEthylene Glycol. PET: Positron Emission Tomography. SPECT: Single-Photon Emission Computed
Tomography. CT: Computerized Tomography.

Imaging
Modality

Aimed Disease
or Condition Sample Name Size Targeting and/or

Triggered Release
Surface

Modification (s)
Imaging (and

Therapeutic) Agent Biological Model (s)
In Vivo

Administration
Route

Reference

MRI Cancer
SA-Gd2O3@MSN

83.2 ± 8.7 nm pH-responsiveness Sodium alginate Gadolidium (Gd) for
MRI

In vitro hemolysis assays, cellular uptake
Intravenous [150]

Rhodamine B In vivo mice (BALB/c): biodistribution

MRI Cancer HA-MnO@MSN 50 nm Active targeting
(CD44)

Hyaluronic acid
(HA) Mn2+ for MRI

In vitro MRI imaging
Intratumor [151]In vivo mice, subcutaneous model: MRI

imaging, tumor uptake

MRI Atherosclerosis cRGD-platelet@MnO/
MSN@PPARα/LXRα ~150 nm (DLS)

Active targeting
(cRGD to integrin

αvβ3)
cRGD-platelets

MnO for MRI
PPAR and LXRα as
therapeutic agent

In vitro cytotoxicity, ROS generation,

Intravenous [152]In vivo rats (Sprague Dawley): MRI imaging,
apoptosis assessment, ROS generation,

biodistribution, toxicity

MRI Inflamation Fe/Ce-MSN-PEG 190 ± 1.2 nm
(DLS)

Passive targeting
PEG Mn, Fe for MRI

In vitro MRI assay, cytotoxicity, cellular
uptake, anti-apoptotic activity assay, ROS

scavenging assay,
anti-inflammation assessment

- [153]
pH responsiveness
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Table 2. Cont.

Imaging
Modality

Aimed Disease
or Condition Sample Name Size Targeting and/or

Triggered Release
Surface

Modification (s)
Imaging (and

Therapeutic) Agent Biological Model (s)
In Vivo

Administration
Route

Reference

MRI Cancer MN@MS@CS@ABE 131 ± 18 nm Passive targeting Chitosan (CS)

Abemaciclib (ABE)
as therapeutic agent

Magnetite
Nanoparticles (MN)

for MRI

In vitro MRI assay, drug release, cytotoxicity,
cell cycle and apoptosis assessment - [154]

MRI Cancer (breast) MSN-Ce6@PDA (Mn) 139 ± 1.70 nm PDA as
photothermal agent

Polydopamine
(PDA) Mn2+ for MRI

In vitro biocompatibility, cytotoxicity, cellular
uptake, in vitro MRI, ROS generation

Intravenous [155]In vivo mice (BALB/c nude), subcutaneous
model: biodistribution, MRI imaging,

antitumor effect, toxicity

MRI Cancer GdBO3 @mSiO2-PG ~100 nm Passive targeting Hydrophilic
polyglycerol (PG)

GdBO3 for neutron
capture therapy and

MRI

In vitro cytotoxicity, cellular uptake

Intravenous [156]In vivo mice (BALB/c): blood circulation
assessment, biochemistry examinations,

toxicity

MRI _ Gd2O3@MSN 86.85 ± 10.44 nm Passive targeting - Gd2O3 for MRI
In vitro cytotoxicity, MRI

Intravenous [157]In vivo rats (Spraque-Dawley): toxicity,
MRI imaging

MRI Kidney
disfunction

Gd@PEG NPs ~5 nm Passive targeting PEG Gadolinium (Gd) for
MRI

In vitro cytotoxicity
Intravenous [158]

In vivo mice: imaging, biodistribution, toxicity

MRI and
phototermal

imaging
Cancer

(melanoma) MSN(Mn)-ICG/DTIC 125.57 ± 5.96 nm Photothermal
activation

-
Mn2+ ions for MRI
Indocyanine green

(ICG) for
photothermal

imaging

In vitro cytotoxicity, chemo-phototherapy,
apoptosis assay

Intratumor [145]
In vivo mice (BALB/c nude), subcutaneous

model: antitumor effect.

MRI Optical
imaging Atherosclerosis PP1-IO@MS-IR820 90 nm

Active targeting
(PP1, towards
macrophages)

PEG, PP1

Iron oxide (IO) for
MRI

IR820 for NIR
optical imaging

In vitro MRI and fluorescence imaging,
cytotoxicity, target assessment

Intravenous [159]
In vivo mice (ApoE−/−); in vivo MRI imaging,

ex vivo fluorescence imaging, toxicity

MRI Optical
imaging

Cancer
(prostate) PSA-Mn-Msn-Cy7 50 nm Active targeting

(PSA)
DSPE-PEG2000-

COOH

Cy7 for optical
imaging

Mn2+ for MRI

In vitro cytotoxicity, in vitro MRI and TEM

Intravenous [160]In vivo mice (nude), subcutaneous model:
toxicity, pharmacokinetics, imaging,

Mn determination

Optical
imaging Cancer DCNPs@Si-omSi ∼255 nm (DLS)

Active targeting
(RGD to integrin

αvβ3)
DSPE-PEG2000-NH2

Indocyanine green
(ICG) for imaging

In vitro fluorescent dye stability, cellular
uptake by flow cytometry and microscopy

Intravenous [161]
In vivo: mice (BALB/c) subcutaneous model

for imaging guided tumor surgery

Optical
imaging Cancer PPV@MSN-CP1@FA ~100 nm Active targeting

(folate acid, FA)
DSPE-PEG2000, folic

acid (FA)

PFV-co-MEHPV
(CP1) for fluorescent

imaging of ROS

In vitro confocal laser scanning microscopy
imaging, cellular uptake

Intratumor [162]
In vivo mice (BALB/c), subcutaneous

model: imaging
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Table 2. Cont.

Imaging
Modality

Aimed Disease
or Condition Sample Name Size Targeting and/or

Triggered Release
Surface

Modification (s)
Imaging (and

Therapeutic) Agent Biological Model (s)
In Vivo

Administration
Route

Reference

Optical
imaging

PET
Cancer (breast)

NOTA-
QD@HMSN(DOX)-PEG-

TRC105 ~ 72 nm Active targeting
(CD105)

SCM-PEG5k-Mal,
NOTA, TRC105

QDs for optical
imaging In vitro targeting assay

Intravenous [163]
64Cu-NOTA-QD@HMSN-

PEG-TRC105
64Cu for PET

imaging
In vivo mice (BALB/c), subcutaneous model:

biodistribution, toxicity

PET Atherosclerosis 18F-DBCOT-MSNs ≈ 60–80 nm Passive targeting
PEG, azadibenocy-

clooctyne
(DBCO)

18F for PET imaging

In vitro proliferation, cytokine assay, cell
uptake, phagocytic activity assay, macrophage

cell labeling Retro-orbital [164]
In vivo mice (nude; ApoE−/−); MSNs-labeled

macrophage cell tracking, imaging, toxicity

PET Cancer

*As-MSN 65 ± 5 nm

Passive targeting Thiol functional
groups, radioarsenic

Radioarsenic for PET
imaging In vitro nanoparticle stability

Intravenous [165]
[*As]ATO-MSN 150 ± 5 nm

Arsenic trioxide
(ATO) as therapeutic

agent

In vivo mice (BALB/c): nanoparticle stability,
biodistribution

Multimodal
NIR-

PL/MR/PET
Cancer

68Ga
/DOX/Si-Pc-Loaded

HMNPs
∼93–98 nm

Passive targeting
NIR-PL-sensitized

photodynamic
therapy

-

68Ga for PET
imaging

Ga2O3:Cr3+, Nd3+

for NIR-PL imaging
Gd2O3 for MRI

Si-Pc as
photosensitizer

Doxorubicin
hydrochloride

(DOX) as therapeutic
agent

In vitro nanoparticle stability, imaging drug
release, cellular uptake, cytotoxicity, hemolysis

Intravenous [166]

In vivo mice (BALB/c nude), subcutaneous
model: MRI imaging, PET imaging, NIR-PL

im aging, chemotherapeutic effect,
photodynamic therapy, toxicity

Multimodal:
PET and

photoacoustic
imaging

Cancer
89Zr-labeled

bGNR@MSN(DOX)-PEG

L: 104.6 ± 5.6 nm
Passive targeting PEG

Doxorubicine (DOX)
as therapeutic agent

In vitro drug release, photothermal and
chemo-photothermal effect assessments

Intravenous [167]
W: 68.6 ± 5.2 nm 89Zr for PET imaging

In vivo mice: PET and PA imaging;
antitumor effect

SPECT/CT
PEG-PEI-*In- MSNs
PEG-QA-*In- MSNs

PEG-TMS-*In- MSNs

32 ± 1 nm
55 ± 1 nm
93 ± 1 nm

142 ± 1 nm
52 ± 2 nm
56 ± 2 nm

Passive targeting

PEG-
polyethylenimine

(PEG-PEI)
PEG-quaternary
amine (PEG-QA)

PEG-trimethylsilane
(PEG-TMS)

111Indium for SPECT
imaging

In vitro nanoparticle stability

Intravenous
Intraperitoneal [168]

In vivo rats (Fischer 344): SPECT/CT imaging,
biodistribution, pharmacokinetics
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Optical Imaging

Optical imaging (OI) is a technique wherein specific probes are excited by incident
light, usually in the visible or near-infrared regions, resulting in the emission of light at a
lower energy level. Some of the major drawbacks of many fluorophores, especially the near-
infrared (NIR) ones, is their poor solubility and stability. To overcome these problems, they
can be loaded into MSNs, improving their photophysical and photochemical properties [1].
MSNs are optically transparent, since their nano-scale particle sizes do not absorb light in
the near-infrared (NIR), visible and ultraviolet regions. Consequently, MSNs would not
disturb the emission of fluorescent agents. Their hydrophilic surface also allows for the
proper dispersion of the fluorescent agent, upon loading. Thus, MSNs have been modified
with various fluorescent dyes for bioimaging applications in numerous studies [106]. There
are different methods for fluorescently labeling MSNs. Fluorescent dye molecules can
be attached to the particles, in both the inner and outer surfaces, by different strategies,
depending on if the labeling has to be removable or not, including covalent linkage via post-
synthetic grafting, incorporation into the silica framework, or pH-/redox-sensitive linkage.
Optical imaging is highly used to study the feasibility of custom-made drug nanocarriers,
based on MSNs. Fluorescent microscopy can track the direct release and distribution
of cargo inside cells. Due to the non-invasive nature of optical microscopy, their use in
combination with NIR fluorescent dyes, which can be detected after intravenous injection,
enables the investigation of the long-term biodistribution of nanocarrier systems [169],
as has been proven in in vivo models of breast and prostate cancer [160]. Furthermore,
modified MSNs can also serve as nanocarriers of activatable fluorescent particles to optically
detect physiological environment conditions, such as hypoxia, as studied in an in vivo
model of inflammatory bowel disease, representing an interesting tool for the precise
diagnosis and treatment of this disease [170].

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a powerful in vivo imaging technique that
provides a three-dimensional anatomical picture of the region of interest with a high reso-
lution [1]. A complementary technique, contrast-enhanced MRI, enables the quantitative
assessment of disease pathogenesis through the measurement of up-regulated biomarkers.
A variety of compounds, mainly those based on gadolinium chelates, are currently used as
MRI contrast agents. However, these molecules lack sensitivity and often do not provide
satisfactory image contrast enhancement in early disease stages. Therefore, alternative
contrast agents are being explored. Due to their high surface areas and adaptable pore
structures, mesoporous materials are an ideal platform for the development of hybrid
materials for magnetic resonance imaging. There is a vast amount of research in this area,
as can be appreciated by the recent studies that focus on the synthesis of MSNs for MRI
(Table 2) [171]. Consequently, MSNs containing gadolinium (Gd) chelates, iron oxide, or
manganese oxide NPs have been tested as potential MRI nanostructures [106]. MSNs with
magnetic NPs have been employed to simultaneously induce the controlled release of
payloads and serve as MRI agents. The incorporation of magnetic NPs allows for the use of
the functionalized MSNs-based nanocarriers as non-invasive MRI agents for the real-time
monitoring of the tumor treatment process in living animals [40]. MSNs have also been
used in conjunction with both the OI and MRI imaging modalities [172]. OI is a relatively
low-cost technology that allows for rapid screening and MRI can offer high resolution,
while simultaneously obtaining physiological and anatomical information [43]. In vivo,
MSNs loaded with multimodal imaging contrast agents for cancer have demonstrated a
highly translational potential, not only regarding the enhancement of tumor optical or MRI
imaging, especially when targeted [160], but also as therapeutic agents by photothermic
and photodynamic combination [155] or as oxygen modulators [151].



Pharmaceutics 2022, 14, 2703 27 of 49

Positron Emission Tomography

Positron emission tomography (PET) takes advantage of radionuclides that emit
positrons during their decay. The positrons then react with the electrons nearby, annihi-
lating into two distinct gamma rays in opposite directions, which can then be detected
by a scanning device [23]. PET is a non-invasive technique that allows for a quantitative
evaluation of the biodistribution of the particles in vivo, as it has a superior signal tis-
sue penetration and sensitivity. The major problem is that the spatial resolution is lower,
compared with MRI, usually being employed along with other imaging techniques, such
as computed tomography (CT) and MRI. The functionalization of mesoporous nanoma-
terials with radionuclides leads to the higher selectivity and intensity of the PET signal
in vivo, compared to free radioisotopes [89]. It is possible to improve the tissue selectiv-
ity and the PET resolution by loading MSNs with radionuclides, such as zirconium-89,
arsenic-72, copper-64, technetium-99, titanium-45, fluorine-18, or carbon-11, due to the
high overall signals. The loading of the radionuclides into the MSNs allows us to protect
them from being lost during systemic circulation and increase their accumulation in the
target tissues [173]. Thus, MSNs provide a novel way of improving the specificity and
resolution of PET [24,91,109]. This has already been exploited in the preclinical phases
in mice, in an attempt to elucidate their biodistribution, regarding their physicochemical
properties and route of administration [165,168]. Furthermore, radiolabeled MSNs arise
as potent theranostic alternatives or including multimodal imaging, as shown in mice
cancer models [166].

3.1.3. MSNs in Vaccines

For more than two centuries, vaccinations have been at the vanguard of advancing
human health. The difficulties in creating effective vaccines originate from the complexity
of the immune system and the need for a powerful adaptive immunological response,
which calls for an effective and secure adjuvant [174]. Adjuvants are substances that are
added to vaccination formulations to act as delivery mechanisms to help antigen uptake or
to have an immunostimulatory effect on the antigen-presenting cells (APCs).

Many efforts have been made over the years to create vaccinations that are long-
lasting, non-invasive and thermoresistant, and require few or no booster doses. Despite
many years of development, only a few types of adjuvants are currently approved for
human use, such as aluminium-based mineral salts, virus-like particles, oil emulsions
and bacterial derivatives [175]. As a result, extensive research has concentrated on cre-
ating novel adjuvants, such as inorganic salts, proteins, oils, membrane complexes, or
nanostructured materials [175].

The application of nanotechnology in vaccination has grown rapidly, giving rise to the
field of “nanovaccinology” in both prophylactic and therapeutic approaches [176]. The use
of nanoparticles in vaccine formulations allows not only improved antigen stability and
immunogenicity, but also targeted delivery and slow release [175,176]. As delivery systems,
nanoparticles can deliver antigens to the cells of the immune system or act as transient
delivery systems, protecting the antigens until their release at the target location. In immune
potentiation strategies, nanoparticles activate certain immune pathways, which might then
enhance antigen processing and improve immunogenicity. Several nanocarriers have been
evaluated to fulfil these requirements, such as lipid NPs, placing them in the top of the
FDA-approved nanomedicines, including the COVID-19 vaccine formulations. However,
most of them are unstable and prone to degradation in the harsh gastric environment,
leading to premature release of their cargo or their limited storage stability [17,176].

Regarding inorganic materials, silica is one of the most promising materials for the
construction of nanovaccination and delivery systems. MSNs have high loading capacity,
due to their large specific surface area, and present good performance in delivery and
controlled release, due to the tunable hollow and mesoporous structure. In addition, they
can be degraded, thus allowing their excretion through the urine, which is of interest
for their use in vaccines. Recently, Hong et al. reported the synthesis of 80 nm and
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negatively charged MSNs able to drain to lymph nodes and demonstrated that their ability
of antigen cross-presentation can be tuned by adjusting their pore size [177]. In addition,
they showed that large-pore MSNs loaded with B16F10 tumor antigens presented an
antitumor effect in vivo, without additional adjuvants. Some other studies revealed that
SBA-15 nanoparticles displayed increased phagocyte intake and low contact with the
cells possessing greater immunogenicity and immunological response than Al(OH)3 [178].
Furthermore, the highest concentration of SBA-15 also led to a significant increase in
the number of cells, creating interleukin (IL)-4 and interleukin (IL)-13 and generating a
heterogeneous reaction of both Th1-type and Th2-type cytokines. Mody et al. reported the
synthesis of silica vesicles based on hollow structures as new generation antigen carriers
and adjuvants for bovine viral diarrhea virus (BVDV) vaccines, which showed high loading
capacity and controlled release as immunogenic determinants of BVDV, namely codon-
optimized E2 protein. After in vitro screening, their silica vesicle formulation achieved
10 times higher antibody response, when compared to a conventional adjuvant in mice, as
well as higher cell-mediated responses. Thus, silica vesicles can serve as new-generation
adjuvants and nanocarriers for improved veterinary vaccine delivery [179].

Mycobacterium tuberculosis (Mtb) produce membrane-derived extracellular vesicles
containing the proteins responsible for modulating the pathological immune response after
infection. In order to mimic these extracellular vesicles, Montalvo-Quirós et al. developed
MSNs that were externally functionalized with immunomodulatory proteins (Ag85B, LprG
and LprA). By evaluating the amounts of pro-inflammatory (TNF) and anti-inflammatory
(IL-10) cytokines in the exposed macrophages, the immunostimulatory potential of the
proposed nanosystems was proven [180]. With the increasing necessity to develop vaccines
against COVID-19, MSNs have been tested as interesting vaccines platforms. Biodegradable
MSNs were used to encapsulate epitope peptides, showing excellent safety and epitope
delivery, inducing a robust peptide-specific immune response in mice [181].

MSNs were also used to prepare vaccines against Schistosoma mansoni by loading
them with soluble worm antigenic preparation (SWAP) coming from adult Schitosoma.
SWAP-loaded MSNs, which showed higher immunization performance, compared to a
conventional immunization system (SWAP-associated aluminum salt), suggesting that
they are a promising strategy for improving the immune response against Schistosoma
mansoni [175]. All the published studies around silica nanoparticles as adjuvants highlight
their importance in the future of the vaccine development.

3.1.4. Other Biomedical Applications

Tissue engineering is another biomedical field where the MSNs have been applied.
They could improve the effectiveness of bone and vascular tissue regeneration and wound
healing, being a simultaneous reservoir of bioactive factors and scaffold to mimic the
natural extracellular matrix [47], or even stimulate immunomodulation [182] or cell pro-
liferation molecular pathways [183], as has been proved in murine models. Mesoporous
bioactive glasses (MBGs) were reported by Hench et al. [184] as a new class of biocompati-
ble materials that show both osteoconductive and osteoproductive behaviors, as well as
an enhanced bone regeneration and proliferation [185]. MBGs play an important role in
bone regeneration because of their striking textural properties, quick bioactive response
and biocompatibility. As other bioactive glasses, MBGs are mainly formed by silicon,
calcium and phosphorus oxides, whose ions play a key role in cell proliferation, as well as
in homeostasis and bone remodelling process. MBGs present noticeable textural proper-
ties, biocompatibility and quick bioactive response. For regenerative medicine (RM), it is
common to add to the bioactive glasses small amounts of oxides of specific elements con-
ferring them additional biological capacities, such as osteogenic, angiogenic, antibacterial,
anti-inflammatory, hemostatic, or anticancer properties [186]. Three-dimensional scaffolds
and nanoparticles based on CaO–P2O5–SiO2 MBGs decorated with stem cells have been
reported as a promising approach for RM of bone tissues [114,115].
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MSNs have also been increasingly employed as an ideal candidate for stem cell thera-
pies, contributing to stem cell maintenance and differentiation by altering the properties of
the scaffold or providing the signals required for stem cell function [187,188]. In addition,
they can be used for photodynamic therapy, radiation therapy, or immunotherapy, among
others by combining MSNs platforms with specific cargos, such as photosensitizers or
radioisotopes [47]. J. Mosquera et al. reported a new method for enhancing the biological
stability of Au NPs by coating them with silica shells, as an alternative for protecting
the gold core from the direct attachment of biomolecules (protein corona) and avoiding
undesired effects [189].

Likewise, plasma complex component functionalized manganese-doped silica nanopar-
ticles with a redox response have been designed as a targeted drug carrier for resvera-
trol, which effectively transports insoluble drugs to cross the blood–spinal cord barrier.
Manganese-doped silica nanoparticles-resveratrol may be potentially useful for the treat-
ment of spinal cord injury by reducing neuronal apoptosis and inhibiting inflammation
caused by reducing oxidative stress to promote the recovery of mouse motor function [190].

4. Coating and Functionalization

MSNs present a lot of advantageous properties, with the facility of functionalization
being highly relevant, as it allows their functionalization with a variety of moieties in
the different regions of the particle. MSNs have a portion of the silicon atoms in the
tetrahedral structure linked to hydroxyl groups (OH-, silanol sites). Due to the presence
of such a large number of connectivity defects, functional groups can be introduced,
making MSNs extremely versatile and potentially adaptable for their use in specialized
tasks [64]. Positively charged drugs that are soluble in water prefer to be adsorbed onto the
negative charged pores and surfaces of MSNs, forming stable MSNs/drug complexes [191].
On the other hand, hydrophobic drugs are typically incorporated into the pores and
surface of MSNs via hydrophobic interactions and weak intermolecular bonds. Hydrogen
bonds result in weak interactions, allowing the drugs to be contained and released in
a sustained manner in the desired location. In some cases, the drug is released easily
and prematurely before it reaches the desired site. As a result, on several occasions, NPs
must incorporate surface modifications, such as coatings, to prevent the drug from being
released in inappropriate locations or in an uncontrolled manner [192]. MSNs are generally
hydrophilic, due to the silanol groups present on their surface, but they can be rendered
hydrophobic easily by functionalizing their surfaces with various organic groups [7], either
on the silicate surface, inside the silicate walls, or by trapping within the channels [25].
The ease with which siloxane (Si-O-Si) and silanol (Si-OH) groups on the surface of the
material can be modified is critical for the functionalization and drug adsorption processes.
While the possibility of selecting the pore size opens up a variety of possibilities for hosting
different molecules, references dealing with the inclusion chemistry of MSNs are scarce and
typically involve structural modification. The structure of the wall of the pores may also
act as reacting nuclei for specific guest chemical species [59]. Thus, Si can be functionalized
similarly to control the drug’s diffusion kinetics. The functionalization of its surface confers
specific abilities on the target site, in addition to improving the drug’s blood circulation
time and immune response. The systemic delivery of toxic biomolecules, particularly
chemotherapeutics, via MSNs-based nanocarriers may have unintended cytotoxic effects
on healthy cells. To minimize this systemic cytotoxic effect, MSNs can be functionalized
with specific cell targeting ligands that enable the nanocarriers to be localized to the
designated cells/tissues via cell-specific receptors [40].

MSNs can be modified by co-condensation or post-synthetic grafting. Co-condensation
of hydrolyzed alkoxysilanes and organoalkoxysilanes result in a directed modification of
the inner pore surface with high functional group loading (previously mentioned MONs).
As silica is condensed, the organoalkoxysilane is co-condensed, positioning the organic
moiety directly onto the pore walls. Its primary disadvantage is the functional group
deposition on the inner channel walls, as well as the outer surfaces of the MSNs, in a non-
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specific manner. Consequently, the final materials exhibit an inhomogeneous distribution
of the functional groups, with higher density around the pore mouths and the external
surfaces of the MSNs. The second technique, called post-synthetic grafting, involves
the modification of the surface of MSNs after they have been synthesized. This method
employs the surface-accessible silanol groups both within the mesopore network and on
the outer surface [25,193]. Post-synthetic grafting has several advantages, including the
retention of a significant amount of the MSNs’ mesostructure and mesoporosity, following
the introduction of functional groups. Additionally, the organic groups can be easily grafted
onto the available surface of the MSNs. In comparison to stepwise post-synthesis grafting,
the co-condensation approach allows for the modification of the surface of MSNs with
organic functional groups in a single pot. Through covalent or electrostatic interactions, it
is possible to introduce a diverse array of organic molecules to the silanol groups on the
external surface of the MSNs [70].

4.1. Active and Passive Targeting

The surface functionalization of MSNs is being highly studied, as it can allow us to
enhance the drug delivery specificity and to avoid possible side effects. MSNs are versatile
carriers, as they can be loaded with large variety of drugs with different physicochemical
properties and can be functionalized for effective therapy. Active targeting improves
the uptake of nanoparticles into cells by attaching targeting molecules (ligands) to the
particle surface. Based on the difference between healthy and diseased cells, suitable
receptors that are usually overexpressed on the diseased tissues or tumor endothelium
are selected, and ligands specific to those receptors are conjugated on the surface of the
MSNs, allowing endocytosis-mediated entry into the target cells [1]. The efficiency of
recognition and therefore, the internalization, depends on the abundance of receptor, the
density of ligand anchored to the nanoparticle and the affinity between both. Among the
wide variety of strategies most commonly used for ligand binding on the surface of MSNs
are amide formation, disulfide bridges and click chemistry [194]. Conventional targeting
labels include small molecules, aptamers, saccharides, antibodies, vitamins, proteins and
peptides among others [195].

On the other hand, passive targeting can be described as the deposition of drug or
drug carrier systems at a specific location, due to pharmacological or physicochemical
factors, and it can be achieved by exploiting pathological conditions in diseased tissues.
For example, chemotactic factors released in inflamed tissues can produce an increment of
the vascular tissues permeability, decrement of the pH and increment of the temperature
being useful for passive targeting [196,197]. The enhanced permeability and retention
(EPR) effect, especially studied in cancer, has enabled the passive targeting of nanocarriers.
This effect relies on the tendency of macromolecules and particles of certain sizes, such as
nanoparticles, to preferentially accumulate in tumor tissues. Tumor vasculature is typically
more permeable and lacks effective lymphatic drainage. Generally, nanoparticles with sizes
ranging from 30 nm to a few hundred nanometers can pass (by passive accumulation) to
tumor sites using the EPR effect [198]. As a result of this and the low lymphatic drainage,
the NPs may penetrate and accumulate in angiogenic tumor areas [199]. However, the
EPR effect is not universal for all types of tumor cells and a lack of cell-specific interactions
might decrease the therapeutic efficacy and induce multiple drug resistance [169].

The incorporation of biomolecules on the external surface of the silica nanoparticles
can serve both to target the site of interest and to escape the phagocytosis of cells [200]
and provide a protective effect, thus delaying the action of the reticuloendothelial system
(RES) [201].

4.2. Functionalization in Drug Delivery

MSNs undergo surface modifications through either covalent chemical reactions or
non-covalent interactions. Functional groups can be attached onto the surface of MSNs to
control the rate and location of drug release and to reduce the toxicity of the MSNs [23].
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Thus, MSNs for sustained drug delivery can be categorized into two groups, namely
unmodified and modified silica materials. By adjusting the pore structure and diameter
and the size of the nanocarriers, the use of unmodified silica for sustained drug release
can be achieved. In the case of modified silica materials conjugated to organosilanes, the
drug dissolution from MSNs can be delayed by the interaction between the drug molecules
and the functional groups, allowing for a more sustained release. In addition, active
targeting for the specific drug delivery can be achieved with the decoration of MSNs with
targeting ligands such as antibodies and peptides. Moreover, the conjugation of magnetic
materials onto MSNs allows for their use as homing devices (Figure 7). The particle size
and surface modification of MSNs have a significant effect on the pharmacokinetics and
biodistribution of the particles during the targeting process. These parameters have a
direct effect on particle stability, circulation time, tumor accumulation, cellular uptake and
therapeutic efficacy, so they should be taken into account when aiming for high targeting
efficiency [106].
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possible core/shell designs, surface modifications and multiple types of cargoes [193]. Copyright ©
2022, American Chemical Society.

SiO2 NPs can be functionalized with organic macromolecules, such as dendrimers,
phospholipids and polymers, to increase their water solubility, biocompatibility and re-
sistance to unwanted reactions between the biological environment and nanocarriers.
Additionally, these modifications have an effect on their biodistribution and accumulation
in the body [202]. It is well-established that the physicochemical properties of the nanopar-
ticles play a significant role in their cell internalization, with their surface charge being a
critical factor. With a large internal and external surface, the surface potential of MSNs
can be precisely controlled by the functionalization with charged chemical groups [83].
The presence of silane groups in silica can induce a greater affinity toward phospholipids,
which favors their capture by the cells of our body. Due to the presence of Si-O bonds, silica
nanoparticles are generally considered stable against external stimuli, such as mechanical
stress and degradation, thereby eliminating the need for the stabilizing bonds used in other
release systems [203]. However, the bioactive molecules that are physically trapped in the
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MSNs could be uncontrollably released with an initial burst. One problem that arises with
the presence of silanol groups on the surface of MSNs is that they could inhibit the bioactiv-
ity of proteases or cause hemolysis, due to the interaction with phospholipid layers on the
membrane of red blood cells. However, to improve the properties and expand the potential
applications of MSNs, these silanol groups can be easily modified with other functional
ligands [40]. Common coatings for MSNs include different polymers, such as polyethylene
glycol (PEG), polyethyleneimine (PEI)-PEG copolymer, or poly (N-isopropylacrylamide).
The incorporation of organic groups into mesoporous materials enables the surface proper-
ties (hydrophilicity, hydrophobicity, acidity, basicity and binding to guest molecules) to be
tuned, in addition to altering the surface reactivity and protecting the surface from chemical
attacks [25]. Modification of the pore walls by coating the mesoporous structure can also
alter the adsorption behavior of the material [204]. MSNs must remain highly dispersed, in
order to be used in biomedical applications, which requires colloidal stability. When MSNs
are aggregated, internalization is impaired, biodistribution becomes difficult to control and
larger effective particle sizes may result in increased toxicity. Chemical modification of
the surfaces, incorporation of protein or polymer coatings, and coating with a supported
lipid bilayer can all help to reduce particle agglomeration [193]. Additionally, the surface
modification of bare MSNs can significantly reduce, or even eliminate, thrombogenic effects
and nonspecific protein adsorption on the surface of MSNs [169].

Therefore, MSNs can be modified with a large range of functional moieties to allow for
a better targeting of the desired area. The aforementioned tables (Tables 1 and 2) present
multiple functionalization strategies of MSNs to be applied in the biomedical field. As
it can be seen, several recent studies introduce specific functionalization to the MSNs to
allow for active targeting to specific sites, for example, vascular endothelial growth factor
receptor, VEGFR for antiangiogenic therapy [135], folic acid for breast cancer [148], or PSA
in prostate cancer [160].

Smart drug delivery capability can be added to MSNs by new mechanisms, known
as nanogates, which block the output of the therapeutic agent until its release is activated
through certain stimuli, thus avoiding undesired release and side effects [43,108,205].

4.2.1. PEG Functionalization

PEG and its derivatives have been used to modify the surface of particles in controlled-
release systems, such as liposomes, emulsions, microspheres and sensor technology, in
recent years, due to their low cost, versatility and approval by the food and drug adminis-
tration (FDA) for a variety of commercial applications [206,207]. PEG is a spiral polymer
composed of repeating units of ethylene ether with dynamic conformations. It has the
ability to resist the adsorption of blood proteins (Figure 8), as well as induce a reduction in
platelet aggregation, neutrophil activation, hemolytic activity and coagulation, due to its
hydrophilicity and coordination with water molecules in aqueous media [208,209]. Studies
have shown that surfaces functionalized with PEG are biocompatible, hydrophilic, resistant
to adhesion and biological degradation, and able to prevent the nonspecific adsorption of
proteins. PEG also increases the circulation time of the functionalized materials by reducing
the rate of clearance through the organs, such as the kidney. Thanks to its nontoxic and
non-immunogenic properties, it has been used to produce biocompatible surface coatings
on silica films and nanoparticles. PEG is also useful to prevent the aggregation of particles,
as it can work as a steric stabilizer in aqueous solutions [112]. The coagulation rate of
NPs can be tuned within a broad range by modifying the chain length and the degree of
coverage of PEG on the particle surface [205].
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All of these characteristics increase NPs’ blood circulation time and biostability for
in vivo applications [210]. Mean circulation time (t1/2) describes the residence of accu-
mulation in the blood and the period during which the concentration of circulating NPs
remains above 50% of the injected dose, which is analogous to the half-life of a drug. For
NPs to be effective, they must have a long enough half-life to reach the target and must
also remain in the affected area long enough for imaging or drug administration [209].
PEGylated NPs exhibit a variety of properties, as a result of steric impediment and repul-
sion. Steric repulsion toward macrophages and blood proteins is affected by the differ-
ent conformations and molecular weights of PEG chains as they modify their flexibility
and hydrophilicity [211]. There are several forms of PEGylation, depending on the em-
ployed species and its molecular weight, including maleimide PEG (PEG-Mal) [212], PEG-
silane [94,95], 2-[methoxy(polyethyleneoxy)6-9propyl]trimethoxysilane (MPEGTMS) [200],
methoxy-PEG-pyridyl disulfide (mPEG-SS-Pyridine) [201], methoxy-PEG-Carboxyl (mPEG-
COOH) [213], diacid PEG (COOH-PEG-COOH) [214], methoxy-PEG-Amine (mPEG-NH2)
[215], and polyethylene glycol methyl ether (PEGME) [206]. He et al. [200] demonstrated
that the clearance time and subsequent organ accumulation depend on the surface modi-
fications of the particles (-OH, -COOH and -PEG), with the functionalization of the PEG
chains probably being the most efficient way to avoid nonspecific accumulation [216]. As
previously mentioned, the binding of PEG on the surface induces a change in the behavior
of the NPs. PEG-coated NPs increase their t 1

2
by reducing the opsonization process, thus

avoiding recognition by monocytes and macrophages and allowing the NPs to remain in the
blood. Moreover, polyethylene glycol modifies flexibility and hydrophobicity and increases
“softness”, with respect to the underlying material, thereby affecting extravasation [209].
To design effective MSNs for diagnosis or therapeutic application, all the steps in a given
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biological process need to be considered, as a particular surface chemistry, surface charge,
or surface functional group may favor one of the steps in the given biological process, but
inhibit others. Therefore, MSNs must be designed in such a way that they are capable
of crossing cell membranes, evading endosome capture, avoiding unwanted intracellular
binding processes, and finally reaching their cellular targets and releasing their payloads of
drugs, biomolecules and bioactive agents, as required [7].

4.2.2. Smart Drug Delivery

The creation of mechanisms for on-demand release of drugs contained in MSNs
has been highly studied. These mechanisms, known as nanogates, can allow for the
controlled release of the drug only when they are exposed to certain stimuli. These stimuli
can be either internal (pH, redox potential, temperature, biomolecules), external (light,
magnetic field), or even the combination of both (dual-stimuli or multi-responsive release
systems) [43,108,205], with the pH and redox stimulus being the most commonly used
simultaneously [217].

For example, the pH of the tumor microenvironment is more acidic (about 6.5−6.8)
than healthy one (about 7.0–7.4), and this can induce the cleavage of acid-sensitive molecules
[218]. Gatekeepers sensitive to overexpressed glutathione (GSH) are also interesting. In
blood and extracellular matrices, the GSH levels are low (2–20 µM), while in cells, the levels
are higher (0.5–10 mM). The pore entrances would remain sealed in the bloodstream, where
the low GSH levels found there are unable to break the bonds, but when MSNs are internal-
ized, the high production of GSH in the cytosol would cleave the bonds and open the pores,
releasing the drugs. This can minimize the presence of free drugs in the bloodstream [219].

There are essentially three routes that can be used to achieve on-demand release in
MSNs: use responsive polymer coating to modify the surface of MSNs, attach ligands to the
mesopores (gatekeepers), or anchor anticancer agents to the MSNs with responsive cleav-
able linkers [220]. “Gate keepers” are used to seal MSN pores and are only opened under
exposure to specific stimulus, thus avoiding adverse effects and improving the anti-cancer
effects. They include inorganic materials, polymers, biomacromolecules, drug molecules
themselves and biological membranes. There are numerous strategies for modifying the
surface of MSNs with functional groups and ligands to improve their physicochemical
properties, including sensitivity to temperature, pH, light, magnetic fields, electric fields,
redox agents, ultrasound (US), glucose and enzymes, in addition to site-targeted ability,
improvements in biocompatibility, biodegradability, excretion and the ability to control
the release of loaded bioactive molecules [40]. These novel developments position surface-
functionalized MSNs as ideal candidates for intracellular controlled-release delivery [221].
In this field, bioinspired nanomachines or self-propelled nanomotors for the intelligent
controlled release of therapeutic drugs have attracted much attention in the last years. Inno-
vative multifunctional gated platinum−mesoporous silica nanomotors have been designed
by Martínez-Máñez et al. [222]. These nanomotors have an ultrafast self-propelled motion,
caused by the catalytic decomposition of low concentrations of hydrogen peroxide. This
fast and directional displacement, and the reduction of the disulfide bonds of the capping
ensemble by intracellular glutathione levels, facilitates the rapid cellular internalization,
as well as the on-demand specific release of a cytotoxic drug into the cytosol (Figure 9).
Table 1 presents several recent examples of studies that functionalize MSNs to allow for the
on-demand release of drugs.
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4.2.3. Other Coatings and Functionalizations

Other surface modifications of MSNs have also been explored. To regulate the in vitro
cellular uptake and cytotoxicity, as well as the in vivo biodistribution and excretion of
MSNs, different surface functionalizations have been suggested, including amino, phenyl,
carboxyl and methyl phosphonate groups with positive, neutral and negative zeta poten-
tials, respectively [18]. For example, by modifying the surface of MSNs with positively
charged groups, which have high ROS-associated toxicity, enhanced passive bioaccumu-
lation via the EPR effect could be achieved because of nonspecific interactions between
the positive charge NPs and negative charge of the cell membrane (and thus, more per-
meability), which plays an important role in endocytosis of NPs in passive targeting to
neoplasm cells [223,224]. Additionally, MSNs can be coated with a variety of compounds,
thus expanding the range of functional groups that can be anchored to the surface of the
NPs, including epoxides or cyano groups, to name some [225]. For example, the MSN coat-
ing with polycations, such as poly(L-lysine), poly(ethyleneimine) (PEI), polyamidoamine
dendrimers and natural chitosan, and an endosome-disrupting peptide have allowed for
the enhancement of their cellular uptake and endosomal release [7].

5. Biocompatibility, Degradability and Biodistribution

The safety and toxicity of nanoparticles are a major concern, owing to their high
surface-to-volume ratio. Biocompatibility is a necessary attribute for ensuring that these
products do not accumulate indiscriminately in the body over time, resulting in adverse
effects [1]. To avoid the accumulation of nanoparticles within an organism, they must be
either excreted or biodegraded in biological systems. Approved pharmaceutical products
must not accumulate in the human body, in order to avoid severe and unpredictable side
effects. The degradation, biodistribution and biocompatibility of SiO2 NPs will largely de-
pend on the medium but can be tuned by adjusting several parameters, including porosity,
size, shape, surface chemistry and dispersibility (largely depending on the hydrophilicity)
of the particles [226]. The role of shape and morphology of the MSNs on their interaction
with living cells has been investigated. Lin et al. [227] studied the cellular uptake efficiency
of tubular and spherical MSNs in cancerous and non-cancerous cell lines. They observed
that the efficiency and rate of internalization were exclusively dependent upon morphology
and particle aggregation [63]. There are contradictory studies about this topic and different
opinions reporting that spherical particles show advantages over their rod counterparts
during cellular uptake [228]. Recently, other researchers provided additional evidence
for the critical role of particle morphology in particle-cell interactions [64]. In contrast to
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other chemo-physical parameters, the effects of surface properties have received significant
attention from the scientific community.

Despite the great interest that MSNs hold as DDS, they have not yet been approved to
be used in the clinic by the regulatory agencies. MSNs degradation, biodistribution, and
clearance routes are relevant prerequisites that need to be known before reaching clinical
trials. Therefore, the stability of the nanoparticles in the blood or physiological media is
one of the key parameters that needs to be determined [17,81].

5.1. Biocompatibility and Toxicity

The primary mechanism of silica toxicity is through its surface chemistry (silanol
groups), which can interact with the membrane components, resulting in cell lysis and
leaking of the cellular components [1]. Some studies have shown that nanoparticles with
large surface areas and abundant silanol groups produce reactive oxygen species (ROS),
cytokines and chemokines, which induce inflammatory responses and play a significant
role in nanomaterial-induced injuries [15,18]. Surface silanol (-Si-OH) groups can either
link via hydrogen bonds to membrane components or dissociate to form SiO− (above the
isoelectric point of silica, see Figure 6) and interact electrostatically with phospholipids that
are positively charged, which result in intense interactions and possible membranolysis.
Indeed, solid NPs demonstrated increased hemolytic activity (cytotoxic effects), when
compared to MSNs, due to the fact that MSNs have a large surface area, but most of these
silanol groups are hidden inside the pores. This is the reason why MSNs present higher
biocompatibility with red blood cells [13]. Generally, the toxicity of NPs increases in a
dose-dependent manner. Napierska et al. [229] concluded that the size of the nonporous
silica nanoparticles highly affect their cytotoxicity. Particles with small size have a greater
surface area per mass, so more silanol groups are on their surface, which can be in contact
with the cells and thus exhibit higher toxicity than larger particles.

The importance of silanol groups is further demonstrated by the fact that treating
the silica surface to decrease the number of silanol groups can reduce, or even switch off,
the hemolysis of red blood cells [193]. The interaction between the negatively charged
silica and positively charged trimethylammonium groups of lipid bilayer could be reduced
with the pegylation of the NPs, improving their hemocompatibility [89]. In addition,
by altering the surface using PEG, MSNs are able to avoid quick accumulation in the
liver, spleen, and lung tissues. This is because, as already mentioned, PEG-MSNs have
a prolonged circulation time. The findings reported by Yu et al. [230] suggested that the
toxicity depends on the type of cells and the NPs’ concentration, pore size, surface charge
and functionalization that, in turn, affects their biodistribution [1]. As a result, it is critical
to determine whether the NPs or their constituent materials may result in toxicity in the
blood and/or vital organs [216].

Studies showed that ethenylene-bridged PMO colloids were very low hemolytic
materials, in comparison with MSNs and non-porous silica NPs, showing the importance
of testing the biological properties of each newly synthetized nanoparticle [93].

A second factor that may contribute to toxicity is the formation of ROS by the reaction
of radicals on the silica surface and water, i.e., the outstanding hydroxyl radical, which
is one of the most reactive species in nature. ROS can cause cell death by necrosis, with
the disruption of cell membranes, or by apoptosis (programmed cell death). Mutagenesis
and carcinogenesis can also be promoted in sublethal doses, as ROS can upregulate the
production of cytokines and other inflammatory mediators. Although numerous recent
studies have been conducted, it is generally observed that MSNs are significantly less toxic
than their nonporous colloidal silica counterparts, presumably because the mesoporosity
(presence of voids) reduces the effective MSNs/membrane contact area [193].

When NPs encounter the body, blood proteins aggregate. This phenomenon is referred
to as protein corona. Protein corona is a dynamic coating of proteins that binds to the outer
surface of the MSNs, concealing them as they travel through the body. This protein corona
is formed when the proteins adsorb on the MSN surface and create a shell around them.
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The nature of the proteins that conforms to the corona is important, as they can change
the interaction of the MSNs with the body, for example, by modifying the stability, charge,
size and surface chemistry of MSNs, thus having an impact on its cellular uptake and
toxicity. Effectively, the presence of the protein corona reduces the hemolytic effect induced
by the surface of the MSNs, thereby affecting cellular internalization. Additionally, the
protein corona may facilitate particle passage through the blood–brain barrier or uptake
by monocytes or macrophages [23]. Nonetheless, nearly all types of proteins found in the
media (95%) are adsorbed onto MSNs in a variety of configurations. This is consistent with
the fact that the protein corona is predominantly dynamic, rather than static. Additionally,
the protein adsorption occurs via two mechanisms, including the reversible adsorption
of loosely bound proteins (soft corona) and the irreversible adsorption of strongly bound
proteins (hard corona) [89]. Strategies to reduce protein binding have been discussed in the
previous section.

Regarding cellular biocompatibility and cytotoxicity, many in vitro and in vivo studies
have been performed, in which MSNs can be internalized into the normal and cancerous cells,
without affecting the growth of the cells, their proliferation, and cellular differentiation [231].

5.2. Degradability

The degradability of MSNs is a critical point to assess, especially for their application
in the biomedical field. It is a current controversial topic and an ongoing discussion in
research circles [89,226].

When MSNs come in contact with the inside of the body, hydrolysis reactions take
place on their surface that break apart the silica nanoparticles into silicic acid, preventing
their toxic buildup. Particles delivered to the body are easily degraded via a three-step
reaction mechanism. Firstly, water adsorbs onto the surface of MSNs and then, a hydrolysis
reaction happens between water and the siloxane groups converting them into silanol
groups, which take part in an ion-exchange reaction. This reaction causes the Si to leave
the nanostructure in the form of silicic acid, which is considered nontoxic and can be
eliminated from the body with the urine [23,90]. Therefore, in terms of biodegradation, the
orthosilic acid by-products are not expected to be cytotoxic, since they are biocompatible
and excreted through the urine. This is why silica has been “generally recognized as safe”
by the US Food and Drug Administration (FDA) for over 50 years, which accounts for its
current use as a food additive in various commercial products [89]. The dissolution rate of
silica is determined by both the particle characteristics (surface area, pore size, pore-wall
thickness, condensation degree, aggregation state, surface functional groups, concentration,
etc.) and the properties of the degradation medium (pH, temperature, concentration, static
or continuous flow, etc.) [1,89,226]. Moreover, surface functionalization can help to prevent
MSNs from degrading rapidly and prolong their stability in biological media. Figure 10
shows an electron microscopy analysis of SBA-15 bearing different surface functionalities
after being exposed to phosphate-buffered saline (PBS). SBA-15 without functionalization
suffers a total loss of mesostructural order, whereas, when it is functionalized with methyl
groups, it shows small ordered domains of 2D-hexagonal structure. If SBA-15 is function-
alized with octyl chains or aminopropyl groups, it shows a well-ordered 2D-hexagonal
structure, which is preserved after the long-term assay. There are also other strategies to
improve the degradability of the MSNs. For instance, Guo et al. [232] doped MSNs with
strontium ions and showed that Sr-doping significantly improved the in vitro degradability
and cytocompatibility of MSNs in a Sr content-dependent manner. So, inorganic moieties
incorporation into MSNs can also tune the dissolution rate of MSNs. Zirconium doping was
also shown to virtually stop the degradation of the particles, while calcium, manganese, or
iron presented the opposite effect. Not only the inorganic doping, but also the presence
of specific proteins or pH, affected the degradation kinetics. For example, silica-iron ox-
ide nanocomposites showed higher degradation in fetal bovine serum than in water for
the same period of time [233]. These particles presented a unique cavity-like mesostruc-
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ture with large pores containing iron oxide crystalline nanophases with a homogenous
distribution of silica-amine and iron oxide.
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By incorporating organic moieties into silica NPs, the degradation of silica can be also
be tuned [226]. The noncovalent silica doping with organic molecules as photosensitizers
accelerates their dissolution. In contrast, the aforementioned MONs and PMO NPs with
covalent organically bridged silsesquioxanes presented much lower dissolution rates than
MSNs, which was attributed to the high hydrophobicity and the more stable Si–O-bonds in
silsesquioxanes [17,226]. Ethylene-, ethenylene- and phenylene-based PMO that present
lower dissolution rates can be useful for long-term bioimaging and sustained-drug-delivery
applications. However, faster particle degradations in biorelevant conditions are needed
for many biomedical applications, so this higher stability can be modified by incorporating
organo-bridged alkoxysilanes in their framework, which can be cleaved enzymatically or
via redox reactions, among others. Diverse studies have been performed with PMO NPs
containing redox-senstitive bonds (e.g., disulfide bonds), with their degradation being faster
than the MSNs without redox-sensitive ones [90,94]. Having a controllable biodegradation
is of interest, since it will determine the in vivo fate of the nanoparticles.

5.3. Biodistribution

Biodistribution is the study of the static and dynamic distribution of a given compound
within a biological system or within an organism. The biodistribution of the MSNs, once
they enter into the body, will depend on their physicochemical characteristics and their
ability to avoid certain obstacles, which will, in turn, also determine their toxicity [202].
Additionally, the uptake mechanisms depend on the surface functionalization and the
resulting surface charge, size and shape [15].

Controlling for particle size and homogeneity is critical in biodistribution, as they vary
nonlinearly between organs. Regulating the hydrodynamic diameter and increasing the
colloidal stability of the MSNs is also critical because aggregated particles tend to behave
similarly to large-sized MSNs, despite their small size [30]. Furthermore, it is necessary
to determine the most appropriate route of administration, as this will also determine
its biodistribution [234]. Circulating NPs must overcome a number of physiological and
biological barriers, including degradation, capture by macrophages in the RES, formation
of the protein corona, accumulation in undesirable locations, etc., which might hinder
the transport of the payload they contain, from the point of administration to the target
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area [235]. For example, hydrophobic nanoparticles are generally rapidly cleared from the
circulation by cellular elements of the RES, particularly in the liver and spleen, having short
half-lives (seconds or minutes) in preclinical models [198]. The geometry of the particles
(size and shape) plays an essential role in the speed and the internalization mechanism of
target compounds. For example, particles <8 nm in size are rapidly eliminated from the
body by renal filtration [9]. Conversely, the liver and spleen entrap particles of >200 nm,
while the liver ensures the elimination of NPs of <200 nm [198]. Additionally, the shape of
silica NPs dramatically affects their toxicity (inflammatory responses, etc.) [236]. Materials
with large surface areas and elongated shapes can create impediments that spherical
materials do not [237]. These findings emphasize the critical role of shape control in
promoting the circulation and tissue penetration properties of nanomaterials [135]. Often,
the strategy entails functionalizing the surface of the NPs with ligands associated with
overexpressed receptors in specific cells [10]. The surface functionalization plays a key
role in the overall biodistribution. For instance, Lu et al. [238] reported that the majority
of negatively charged MSNs are excreted through urine (major) 4 days after injection,
indicating the rapid dissolution of MSNs in the body [83].

Thus, silica-based NPs are particularly appealing, due to their high biocompatibility,
nontoxic degradation products and tunable hydrolytic degradability in biorelevant media,
ranging from hours to days or weeks. Although few formulations based on silica nanopar-
ticles are already in ongoing phase I and II clinical trials, MSNs nanocarriers for drug
delivery are in the preclinical phase and have not been accepted by regulatory agencies for
use in the clinic. Most of these preclinical studies have focused on small animal models,
such as rodents, while only a few studies have been conducted in large animal models,
including sheep, pigs and non-human primates [17].

6. Conclusions

The current review summarizes the recent advancements in the field of mesoporous
silica-based nanoparticles. Due to their interesting properties, such as easily tunable
morphological characteristics and high loading capacity, mesoporous silica nanocarriers
have been frequently investigated as high-fidelity drug delivery systems. Consequently,
MSNs exhibit significant potential as versatile and efficient nanocarriers, facilitating not
only the transport and bioavailability of poorly soluble therapeutic or imaging agents,
but also the delivery of highly toxic drugs, such as chemotherapeutic agents. Recent
advances include the development of MSNs with site-specific properties that target and
neutralize specific cells. MSNs with varying particle sizes, shapes and pore volumes
can be obtained with relative ease, by merely varying the nature and concentration of
the reagents, along with the conditions of the synthesis. Additionally, customizing the
pore structure and the surface properties of the MSNs not only improves their loading
capacities, but also allows for the modification of their drug-release profiles. Due to
their ease of functionalization, different types of ligands can be attached to the surface of
MSNs. The majority of research on MSNs is directed towards their use in cancer therapy,
enabled by the targeted and controlled release of the cargo. Targeted MSNs are desired
for molecular imaging, selective drug delivery, personalized therapy and the selection of
candidate patients. Moreover, MSNs loaded with both therapeutic and imaging agents
arise as promising theranostic approaches in multiple diseases or conditions. Regarding
the translational evaluation of MSNs, in the last few years, research works have moved
from synthesis and the in vitro characterization of potentially interesting MSNs to their
functional characterization in biological systems. Both cellular experiments in vitro and
in vivo experiments in animal models (mostly rodents) have been performed successfully
to reliably support the potential biomedical applications of such MSNs, determining
that MSNs cytotoxicity and biodistribution is dependent on their characteristics and the
administration route. On the other hand, the implications associated with the long-term
use of MSNs are currently being investigated to thoroughly demonstrate MSNs’ safety
and biocompatibility in preclinical animal models. Nevertheless, given that phase I and II
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clinical trials evaluating silica nanoparticles are currently ongoing and have already shown
encouraging results, MSNs are likely to move quickly into clinical trials for patients in
most need of new therapies. In addition, already approved radioactive silica microspheres
highlight the potential of these kinds of formulations to be applied for human use in the
future. This is very encouraging and underscores the importance of continuing research
in this field.
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