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Abstract
Mesoporous silica has attracted increasing interest due to the pandemic spreading of the viral infection in recent years. These 
smart materials have many advantages as high loading capacity, high surface area, and unique morphology making them 
great materials for smart drug carriers. In this review, I summarized the synthesis of Ultra-Porous Drug Nano-Carriers in 
recent years. Factors affecting (mesoporous nanoparticles) MSN Synthesis as surfactants, Co-surfactants, and solvents were 
mentioned in the full description and targeting approaches. Types of silica nanoparticles such as Mesoporous SBA-1 silicas, 
Mesoporous SBA-2 silicas, and hybrid mesoporous materials are also shown in a detailed manner. Future research efforts 
are also highlighted for AI-based techniques aimed at more accurate tissue engineering prediction and operation optimiza-
tion in drug carrier-based processes.
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1  Introduction

Porous nanostructures are a unique class of materials with 
pores or holes at the nanoscale and demonstrate various phys-
icochemical characteristics [1]. Their content, size, and shape 
all affect these characteristics [2]. Porous nanomaterials offer 
unique features compared to uniform particles of the same 
size because of their unoccupied spaces, such as low densities 
[3–5], broad dynamic surfaces, low refractive coefficients, 
excellent permeabilities, excellent effectiveness, and thermal 
and acoustic resilience [6, 7]. The previously stated proper-
ties of porous nanostructures are determined by the ratio of 
free-space pores to the total volume of a material dubbed 
porosity [8, 9], in this category, a pore connected to the free 
surface of a substance is called an open cell. Materials hav-
ing these open cells may be used for filtration, membranes, 
separation, chemical processes, functioning as catalysts, and 
chromatography, among other things [10]. Closed cells are 
pores far from a composition's free surface and do not con-
tribute to any chemical applications, even if they boost the 

materials' thermal and acoustic resistance and reduce their 
weight [7, 11]. Several types of pores exist, including spheri-
cal, cylindrical, grooved, and hexagonal forms. Numerous 
porous nanoparticles on the market have a wide range of 
characteristics, architectures, and uses [12]. One of the key 
advantages of mesoporous silica nanoparticles (MSN) is its 
ability to provide controlled and sustained release of biologi-
cally active substances [13]. Their porous structure allows 
for controlling the release of drugs over time, which can be 
critical for optimizing therapeutic efficacy and minimizing 
side effects. This is achieved by controlling the pore size 
and surface chemistry of the MSN, which can be tailored to 
optimize drug release kinetics. Another advantage of MSN 
is its ability to enhance targeted drug delivery. The surface 
of MSN can be functionalized with specific ligands or anti-
bodies that target specific cell types or tissues, allowing for 
enhanced drug delivery to the anticipated site of action. This 
can boost the effectiveness of the drug while minimizing off-
target effects. Furthermore, it is biocompatible and non-toxic, 
making it a safe option for drug delivery. It is also highly 
chemically stable, ensuring the drug remains stable during 
storage and delivery weight [7, 11, 14, 15].

Lastly, MSN can be used to monitor and control bio-
logical processes. For example, it can serve as a platform 
for imaging and sensing applications, allowing real-time 
exploration of drug release and biological responses to the 
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delivered drug. Overall, MSN has several advantages over 
traditional drug delivery methods, making it a promising 
platform for drug delivery and biomedical purposes. There-
fore, this review's fundamental objective is to inform readers 
about the current exploits of MSN as a nano-catalyst car-
rier for drug delivery. The fabrication of this kind of nano-
catalyst and its catalytic system has been made conceivable 
by revolutionary techniques up to this point.

2 � Types of Silica Nanoparticles

2.1 � SBA‑1 Silicas

Mesoporous SBA-1 silicas feature a 3-dimensional cubic 
shape with Pm3n geometry and open porosity of the 3D 
cage type interconnected by open windows. The materi-
als feature distinctive topographical features, such as pores 
with dimensions ranging from 2.1 nm to 2.6 nm and a par-
ticular area of the surface of 1200–1450 m2/g [16, 17]. The 
3-dimensional porosity structure provides multiple places 
for adsorption and is resilient to obstruction. Because SBA-
1's cubic design is more durable than silicas with hexagonal 
shapes, it is regarded as excellent catalyst support. The fab-
rication of SBA-1 materials was complex, Huo et al. [18] 
and co-authors attempted to synthesize SBA-1 materials in 
a different and innovative manner.

2.2 � SBA‑2 Silicas

SBA-2-type silicas are less widely recognized than SBA-1-
type silicas. The previous example features a 3D pore net-
work with hexagonally and cubically packed (hcp and ccp, 
respectively) spherical holes linked by cylindric channels 
[19–21]. It is essential to highlight that the SBA-2 and SBA-
12 silicas possess the same 3D hexagonal structures and 
P63/mmc symmetry. Triblock copolymer has been utilized 
as a mesoporous structure guiding compound to achieve the 
latter [19, 22]. Only the hexagonal pore system was dis-
covered in SBA-2 silica after its first synthesis; an in-depth 
study subsequently confirmed the existence of the cubic pore 
structure [23].

2.3 � HMM Type Materials

A recently developed category of mesoporous organic–inor-
ganic hybrid materials, referred to as hybrid mesoporous 
materials and symbolized by an abbreviation HMM, was 
first synthesized in 1999 by Inagaki et al. [24]. Due to the 
presence of organic and inorganic groups in their structures, 
the materials fall under the Periodic Mesoporous Organo-
silicas (PMOs), which are connected by covalent bonds to 
form a hybrid organic–inorganic lattice [24]. The group of 

HMM is separated into the HMM-1 and HMM-2 subgroups. 
Their assembly is composed of silica groups (Si2O3) and 
uniform ethyl fragments (-CH2-CH2-), which create a net-
work that is connected by covalent connections [25–27]. The 
permeability makeup of these substances differs essentially 
from the one found in mesoporous materials, which consist 
of an inorganic lattice onto which organic modifications 
are grafted. According to HMM-1 and HMM-2, hexagonal 
rods and spherical particles have well-defined morphologies 
and a highly organized mesoporous structure, respectively 
[25]. The same chemicals, 1, 2-Bis (trimethoxysilyl) ethane 
(BTME), and hexadecyltrimethylammonium chloride (ODT-
MACl), were used in the fundamental circumstances to cre-
ate these two compounds. The synthetic mixture's compo-
nents' synthesis temperature and molar ratio controlled their 
structural composition. The consistent pores in the materials 
were opened by extracting the surfactant using a solvent, 
and the ordered structure was not compromised. Hydrother-
mal stability was a property of the materials [24, 28]. The 
HMM-1 model has been demonstrated to possess a hexagonal 
2-dimensional structure with p6mm symmetry, characterized 
by 1D pores of sub-10 nm sizes and an extensive surface area 
of up to 1000 m2/g. The utilization of HMM-1 as a prototype 
for manufacturing nanoparticles of metal and nanowires was 
attributed to its distinctive features [29, 30]. Similar purposes 
have been identified for HMM-2 of a 3D P63/mmc symmetry 
structure [31].

3 � Preparation of Mesoporous Silica 
Nanoparticles

Stober was the developer of the system of chemical reactions 
for producing spherical monodisperse micron-sized silica 
particles [32, 33]. Surfactants serve as structure-directing 
agents when producing mesoporous materials (Fig. 1) [34]. 
However, the main three basic steps of synthesis are (a) 
sol–gel process, (b) The utilization of surfactants as struc-
ture-directing agents to synthesize mesoporous materials and 
(c) the execution of a modified Stober method under dilute 
conditions for the manufacturing of cylindrical nanoparticles 
are two critical techniques in materials science [33, 35–38]. 
The hydrolytic sol–gel method, in which silicon alkoxide 
predecessors are hydrolyzed and compacted under acidic or 
alkaline catalysis, is the most employed approach to manu-
facturing silica NPs, even if there are other techniques to 
generate MSNs [35].

3.1 � The Sol–gel Method

Polycondensation occurs adjacent to surfactant particles to 
create an oxide system from precursors, which illustrates the 
structure. The network then generates a colloidal solution 
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(sol), which relies upon the reaction conditions (the rate at 
which varying reaction factors carry out polycondensation 
processes). It gradually generates a gel or discrete particles 
[35, 36]. Mono-dispersed spherical silica particles are cre-
ated when the solution is highly diluted [32]. The genera-
tion of NPs and the ensuing mesostructure of the material 
are significantly influenced by temperature, surfactant type, 
and concentration (Fig. 2) [39]. Hydrolysis produces silica 
monomers, which interact to co-assemble and produce mes-
ostructured nanocomposites. To create the finished product, 
MSN, these nanocomposites are calcined [40]. Besides cal-
cification, other techniques include dialysis, extraction of 
supercritical CO2 fluid, liquid-phase calcination, microwave-
assisted template removal, acid treatment, ozone therapy, 
and liquid-phase calcination [41].

The Templating Method  Using a template, the hollow 
porous framework is generated. (Structure-directing agent). 
Endo-template (soft matter templating) and exo-template 
are the two sub-methods of this methodology. (Complex 
matter templating). The exo-template technique employs a 
porous solid as a template and fills the empty spaces with an 

inorganic precursor that converts when subjected to suitable 
pH and temperature conditions [42]. In the endo-template 
strategy, an organized mesoporous material can be produced 
using a surfactant as a template; no complex template solid 
is needed [43, 44].

3.2 � The Microwave‑assisted Method

Heating enabled by a microwave is more rapid than conven-
tional heating. Furthermore, homogeneous heating of the 
sample encourages the development of uniform nucleation 
centers in the precursor solution when silica monomer con-
densation over the template first starts [45]. This method 
delivers high localized heating that might exceed the reac-
tion vessel temperature. Thus, this one is the best way to 
produce mesoporous materials [42]. Used for rapidly synthe-
sizing various materials, such as ceramic oxides and porous 
materials [46].

Concurrently, improved mesoporous silica columns were 
generated via a polycarbonate membrane with a pore diam-
eter of 0.2 m within an empty receptacle. A 1 mL quantity of 
a pre-existing blend containing pluronic P123 co-polymer, 

Fig. 1   Schematic diagram 
showing the preparation of 
MSNs [34] permission from 
Elsevier

Fig. 2   Illustration of Sol–gel 
technique for MSN synthesis 
[39] Permission from American 
Chemical Society
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hydrochloric acid (HCl), ethanol, and TEOS (Tetraethyl 
orthosilicate) was added to the receptacle. Subsequently, 
the case was positioned within a larger vessel, sealed, and 
subjected to microwave irradiation at 40°C. Silica rods fea-
turing pores measuring 6 nm in size and 200 nm in diameter 
were successfully synthesized, with each rod starting from 
a single polycarbonate membrane pore. This approach pro-
duces well-structured pores and is speedier for production 
than the conventional sol–gel method [47].

3.3 � Self‑assembly Caused by Evaporation

In the Evaporation-Induced Self-Assembly (EISA) process, 
solvent evaporation causes a change in each component's 
concentration at the liquid–vapor interface. The chemical 
solvent is released while the material passes through a dry-
ing compartment or furnace at 400 °C, where silica and sur-
factant immediately form micelles. Causing a liquid–crystal 
mesophase to develop, which then spreads outwardly from 
the liquid–vapor border to the droplet's center, producing 
MSN [48]. Jing et al. used a cellulose nanocrystal mixture 
and TEOS as a precursor for silica at pH 2.4 in the EISA 
procedure to make mesoporous silica film (MSF) [49].

3.4 � The Technique of Chemical Etching

Mesoporous structures can be generated without a require-
ment for a template (soft or hard) by utilizing a selective 
etching agent that could be either elementary or acidic in 
nature (Fig. 3) [50]. This method generates hollow-type 
mesopores with controlled pore size based on structural 
distinctions between a silica core/mesoporous silica core 
and shell [42]. By using mesoporous silica as the shell and 

inorganic nanocrystals (such as Au, Fe2O3, and Fe3O4 NPs) 
as the core, this approach can be used to construct a wide 
variety of heterogeneous hollow nanostructures. Traditional 
approaches, such as templating techniques, have displayed 
only minor success in regulating mesoporous materials' par-
ticle/pore shape and dimension [51].

Nevertheless, in the chemical etching process, a homog-
enous templating technique known as "structural difference-
based selective etching" is used to construct the porous core/
shell structure. By selectively etching the interior of the 
building while mostly keeping the outside shell intact, this 
technique turns the design into a hollow one. By using the 
proper etching agent, this is accomplished [42].

3.5 � Sol–gel Method with Assistance 
from Electrochemistry

The investigation of electrochemistry as a further method 
for producing MSN using the technique known as sol–gel 
depends on the hypothesis that applying electricity causes 
a chemical change. An electrode coated in the precursor 
mixture containing the surfactant that is employed is as a 
cathodic voltage to produce the hydroxyl ions essential for 
the micellar composition and to trigger the polycondensa-
tion response of the earlier prepared in situ silica monomers 
using catalytic hydrolysis to assemble the MSF layer over 
the electrode being exploited. The thickness of the MSF can 
be changed over time at the best operating potential by vary-
ing the electrode position's duration [52]. This technology 
is suitable for industrial MSN production because it allows 
for straightforward, quick, and affordable to produce MSN 
at the gram size [53].

Fig. 3   Schematic diagram of 
mesoporous silica formation. [50]
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3.6 � Quenching Approach

As a result of the depopulation of the excited state of elec-
trons within a molecule, it can be observed that quenching 
results in a molecular relationship between the fluorophore 
and the compound that quenches it, decreasing the fluores-
cence emission. It also refers to the act of slowing down or 
stopping a process before it reaches its final stage or cutting 
down on the components that go into a process or response 
[54]. Fowler et al. fabricated the MSN using the sol–gel 
quenching method. The response was retarded by adding too 
much water right after adding TEOS, as per the conventional 
MSN manufacturing protocol. The hydrolysis of TEOS was 
stopped after post-quenching for 60 secs by diminishing the 
reaction's fundamental characteristics by adjusting the pH of 
the reaction fluid. The description showed that the prepared 
MSN possessed a less structured framework and that a big-
ger particle-size MSN could be produced by postponing the 
neutralizing stage [55].

3.7 � Flash Nanoprecipitation

The rapid mixing of two opposing streams carrying a mix-
ture of dissolved materials and a stabilizing molecule that 
will precipitate is known as flash nanoprecipitation (FNP). 
The other has a solvent material that won't dissolve the sta-
bilizer and dissolved solutes. Rapid mixing causes super-
saturation and precipitation as well as turbulence [56]. 
By presenting successions in FNP, Fu et al. modified the 
sequence, giving it the moniker FNP. This modification 
aimed to create tetrads of tubes filled with a vortex mixture 
and joined to syringes. Two multi-inlet vortex mixers were 
coupled together by following these processes (each with 
dual tubing). The final two syringes, or the fourth syringe, 
had abamectin as the model drug, clean water in one, and 
Cetyl Trimethyl Ammonium Bromide (CTAB) solution in 
the other. High drug loading could also be achieved without 
needing a separate drug-loading period [57].

3.8 � Sonochemical Approach

Methodologies for synthesizing nanomaterials have been 
designed with ultrasound irradiation, especially in aque-
ous media [58]. Passive bubbles form when a fluid is 
subjected to ultrasound waves. As a result of their final 
collapse (acoustic cavitation), these bubbles produce high 
pressure and temperature, which facilitate several chemical 
and physical processes (sonochemical processes), includ-
ing covalent bond breaking, homogenization, and the for-
mation of new molecules. Sonicated precursor mixtures 
comprising TEOS, base catalyst, and surfactant for 5 to 
50 min at 43 kHz and 200 W of power [59]. Sonochemi-
cal synthesis, which utilizes one pot synthesis at room 

temperature to produce less agglomerated MSN has a large 
specific surface area and has a consistently spherical shape 
in the sub-micron range and is a straightforward commer-
cial approach for making MSN on a large scale [59].

3.9 � Biogenic Synthesis

For the purpose of getting rid of any undesirable pollutants, 
the husk is first cooked in an aqueous acidic solution. After 
that, it undergoes washing and is left to evaporate for an 
extended period of time. MSN is manufactured here using 
biological silica sources, predominantly rice and wheat 
husk, which is a resource that can be produced again, as 
the name implies [60]. The amorphous silica nanoparticles 
(SNPs) generated by the calcination of this dehydrated 
husk quickly melt in sodium hydroxide mixture to produce 
sodium silicate solution, which acts as a precursor silica 
source. This, under practical situations of usage, when 
added to a surfactant-rich solution, induces the precipita-
tion of NPs; nevertheless, when the template is withdrawn, 
uniformly sized MSN are produced [61]. Because this 
method uses agricultural waste, it is inexpensive, secure, 
biocompatible, and advantageous to the surroundings, sug-
gesting that a biogenic technique could be applied to the 
commercial manufacturing of MSN [62].

4 � Factors Affecting MSN Synthesis

The parameters that affect the manufacturing process of 
MSN comprise silica precursor, reaction temperature, fluid 
pH, surfactant class and quantity, stirring speed, and dura-
tion [63]. The structure, size of particles, and pore diameter 
of the MSN are all going to be subject to changes in these 
characteristics, either directly or indirectly [64, 65].

4.1 � Surfactants

MSNs are synthesized using surfactants [66–68]. The need 
for surfactant molecule aggregation during the synthesis of 
mesoporous materials is crucial because micelles must form 
later and serve as a template for creating pores and other struc-
tures [69]. The surfactant micelles, which are made up of ani-
onic, nonionic, or cationic species that interact with the silica 
source through electrostatic force or hydrogen bonds, produce 
pores at the micellar interface. These interactions result in 
creating a mesoporous silica matrix [65, 66, 70]. A swelling 
agent can be used to make larger pores. It also can be applied 
to create mesoporous materials with clearly defined pores, and 
the kind and quality of the surfactant can be altered [71]. Sur-
factants utilized could be divided into the following categories:
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	 i.	 Cationic surfactants have a nonpolar group and a posi-
tively charged polar hydrophilic head and hydrophobic 
tail. Hexadecyltrimethylammonium (HDTMA), cetyl-
trimethylammonium chloride (CTAC), and CTAB are 
among the alkali hydrophilic methyl ammoniums that 
make up the majority of these surfactants (CTAB) [72].

	 ii.	 Anionic surfactants. The surfactants' long hydrocar-
bon tail and negatively charged hydrophilic head have 
distinctive features [73].

	 iii.	 Ion-free surfactants. These are neutral surfactants, such 
as amide and phenol, with non-dissociable hydrophilic 
heads that are unable to undergo ionization in a water-
based solution. Other instances are Triton X-100, poly-
sorbate, Pluronic F127, and Pluronic P123 [73].

	 iv.	 Amphoteric surfactants, also known as zwitterionic 
surfactants, are unique because their hydrophilic ends 
contain positive and negative charges, which balance 
each other to produce a zero net charge. This makes 
them versatile in various applications, including per-
sonal care products, detergents, and industrial cleaners 
[6].

4.2 � Co‑surfactants

Co-surfactants, majorly alcohols such as ethanol [74] and 
butanol [75], which affect pore size, flexibility, and char-
acteristics, constitute the vast majority of co-surfactant 
levels as they develop. When co-surfactant concentration 
increases, MSNs often misplace their round forms and form 
amorphous particles with chaotic pore sizes [76, 77]. Their 
capability of regulating the shape and pore size of MSNs 
increases their ability to transport medicines [6].

4.3 � Solvents

Additionally, surfactants have a vital role in the manufactur-
ing of MSNs. Ethanol, propanol, butanol, and pentanol are 
some of the toughest and most often employed alcohols. 
Alcohols influence mesopore size and promote pore devel-
opment. Alcohols with downward evaporation speeds and 
heightened molecular weights, on the other hand, do not 
dramatically alter the morphology and form of mesoporous 
materials [6]. Alcohols also change the rotations of chan-
nels in mesoporous materials [78]. After the creation of 
MSNs, alcohols also aid in eliminating surfactants. To 
encourage the development of cylinder-shaped pores, alco-
hol has been employed as a solvent when creating circum-
ferential MCM-48 [78]. The formation of aggregates of the 
generated mesopores could be prevented by using solvents 
to remove surfactants from those with high boiling points 
[79]. To make the silica precursor more soluble and hasten 
the hydrolysis process, alcohol can also be used in the reac-
tion as a cosolvent [80].

4.4 � Silica Sources

The production of well-ordered MSNs required an assort-
ment of predecessors, including colloidal solutions of orga-
nosilanes, which include TMOS, TEOS, TPOS, and TMS, 
as well as sodium silicates [75]. The TMS predecessor 
exhibits a higher rate of silicate mesoporous development 
than alternative predecessors. The hydrolysis rate dimin-
ishes when the alkoxy groups' dimensions in silane mode 
increase because of a steric hindrance (spatial effects), par-
ticularly in heavily divided silica sources [81].

4.5 � Temperature

The use temperature is essential in dictating the final character-
istics of MSNs because mesoporous materials can be generated 
at temperatures ranging from 10 to 130° Celsius, with 25°C 
being the most suited [6]. Two important temperature-related 
variables must be considered: the critical particle temperature 
and the cloud point temperature (CP) (CMT). The CMT of sur-
factants must be under the synthesis temperature [81]. Increas-
ing temperature can cause large particle sizes [82].

4.6 � pH

MSN structures can be generated under either alkaline or acidic 
circumstances, as neutral circumstances fail to encourage the 
development of well-ordered constructions due to rapid polym-
erization and transverse bonding either synthesized under 
acidic or alkaline occurrences since neutral circumstances 
do not facilitate the synthesis of nicely ordered mesoporous 
structures because of high polymerization rates and transverse 
bonding [83]. However, well-ordered mesoporous materi-
als can be produced under neutral conditions by altering the 
hydrolysis and condensation of the silica predecessors and 
using fluorine as catalysts [84]. pH changes during synthesis 
occur in an alkaline environment. Silica hydrolyzes at the start 
of the process, the pH decreases, the temperature rises slightly 
the silica species condense [65]. When the pH is reduced in 
highly acidic circumstances, the rate of mesoporous silica syn-
thesis rises, and silica precipitation quantities increase when 
acid catalyst levels are sufficient [6].

4.7 � Surfactant Removal After Synthesis

Surfactants can be removed after the formation of 
mesoporous silica structures using the following methods:

4.7.1 � Calcination

The calcination process involves heating the created MSNs 
to high temperatures (800 °C) to fragment the surfactant. 
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The process consists in turning inorganic materials into 
hollow cylinders [85]. This method has limitations, 
including surface alteration, high temperature, and power 
needs. The surfaces and pores of the synthetic MSN mate-
rial undergo compression due to the Si–OH bonds on its 
surface converting into Si–O-Si bonds at high tempera-
tures. Consequently, the particle changes its pore size and 
becomes hydrophobic [68]. Furthermore, calcination gen-
erates the particles to become dehydrated and cross-linked, 
which causes irreversible aggregation of the particles and 
makes it challenging for the particles to separate back into 
single particles [86, 87].

4.7.2 � Solvent Extraction

Solvent extraction is a milder solution to calcination that 
calls for intense thermal processing. Solvents that are acidic 
and/or alkaline can be applied to separate the produced 
nanoparticles according to the kind of surfactants and the 
circumstances of the experiment: ammonium nitrate, water, 
ethanol, hydrochloric acids, and other alcohols [88]. The 
solvent applied in extraction has less effect on the porosity 
and constructions of fabricated mesoporous materials than 
calcination. In most instances, solvent extraction does not 
remove all surfactants altogether, therefore recovered sur-
factants can still be used. This technique is excellent when 
total surfactant removal is unnecessary [89].

4.7.3 � Chemical‑assisted Oxidation

For the oxidation-based elimination of surfactants, hydro-
gen peroxide is a prominent chemical oxidizer [90]. This 
technique leads to a dropped volume of pore and surface 
areas despite increasing pore diameters [91]. Additionally, 
compared with calcinated samples, it boosts the amount of 
silanol groups on the silica sidewalls [92]. Hydrogen perox-
ide and an acid, like HNO3, frequently remove surfactants 
[91]. Other chemical oxidants used include ozone [93], 
Potassium permanganate, peroxides, and Ammonium per-
chlorate [94, 95].

4.7.4 � Microwave Digestion

The most efficient technique for removing surfactant from 
mesopores is microwave digestion. It includes floating 
the generated mesoporous materials in a nNitric acid and 
a Hydrogen peroxide solution [96] or hexane and ethanol 
[97] solution before subjecting them to microwave radiation 
for approximately two minutes. Synthesized mesoporous 
materials' textural features are unaffected by this technique. 
Compared to calcined samples, it generates increased pore 
volume, size, and more extensive surfaces that enhance the 
number of silanol groups [98].

4.8 � Effect of Synthesis Factors on the Physical 
and Chemical Characteristics of Mesoporous 
Silica

Following is a discussion of how synthesis parameters affect 
the physicochemical characteristics of materials made of 
mesoporous silica:

4.8.1 � Pore Size and Shape

The dimensions and form of the mesopores control the types 
and quantities of drug molecules that may be retained by 
MSNs as well as the pace at which pharmaceuticals break-
down [99]. To prevent the rapid dissolution of medication 
molecules, the correct quantity of pore space must be used 
[100, 101]. The final pore size may depend on the kind, 
length of the chemical chain, and the surfactant concentra-
tion that can be used as templates [102]. The category chain 
length might impact the dimensions of pores and the quan-
tity of surfactants employed as templates. Tetraalkylammo-
nium salts, which are frequently utilized as surfactants, have 
been investigated by Jana et al. [103] for their impact on the 
pore sizes of MSNs. The pore size increased from 1.6 to 4.2 
nm with a surfactant chain length from C8 to C22. Relevant 
investigations have also demonstrated that by varying the 
surfactant chain length, the size of the pores can be boosted 
to 4.1 nm [104, 105]. The selection of silica precursor, reac-
tion duration, temperatures, and amount of catalyst are all 
essential variables for calculating the diameter of the pores 
of MSNs. Mesoporous materials with either 2D pores or 3D 
linked structures have different drug loads and release times 
depending on the hole sizes [106].

Additionally, as mesopore widths regulate the dimension 
of drug molecules stored inside the matrix, using the appro-
priate matrix is essential for optimal drug loading [107]. 
Drug molecules more minor than the cavity diameters are 
engrossed on the internal surface of the mesopore. On the 
other hand, inside the mesopore, molecules more significant 
than the cavities' diameters are absorbed on their surface. 
As a result, the size of the pores influences size-selective 
adsorption [108]. While this is happening, drug loading 
is considered an occurrence of the surface, and the entire 
surface area is significantly affected [109]. The combined 
amount of both outer is referred to as the total surface area. 
Surface functionalization and surfactant selection, type, and 
concentration can change it. Mesoporous materials are dis-
tinguished by their pore spaces, which display a total volume 
of pores that varies between 1–2 cm3 g and an overall area 
of approximately 1000 m2 g. The specific surface area of 
the matrices governs the number of drug molecules retained 
within matrices. [109, 110]. To retain additional medica-
tion molecules with a slower release rate, the surface area 
must increase because this creates more space for host–guest 
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interactions. The presence of Alendronate has been detected 
in matrix structures of SBA-15 and MCM-41. The kinetics 
of zero order was observed in the release of alendronate from 
SBA-15 (719 m2 g) compared to alendronate use released 
from MCM-41 (1157 m2 g) [111].

4.8.2 � Particle Morphology and Surface Charge

The particles' size, shape, and surface charge significantly 
influence the drug transport capabilities of mesoporous mate-
rials. MSNs having a diameter of less than 1 nm exhibit quick 
mass transfer and better dispensability when compared to their 
bulk equivalents, making them highly sought-after for drug 
administration [68, 112, 113]. These molecules' surface charge 
and topology influence the pharmacokinetics of MSNs and 
their accumulation at target regions [114]. The internalization 
by mesoporous silicon nanoparticles (MSNs) cells, their cel-
lular conversations, distribution in the body, and clearance are 
modulated by the size of the nanocarriers [115]. The surface 
charges of mesoporous materials also impact cellular absorp-
tion and in-vivo immune system reaction [114, 116].

The particle size of MSNs can be influenced by many 
variables, including pH, reaction temperature, stirring rates, 
types of silica precursors, and the addition of functional orga-
nosilanes, TEA as a base substitute, co-surfactants, and gela-
tin [102]. Moreover, it was observed that a rise in pH led to 
an augmentation in the hydrolysis rate of TEOS in conjunc-
tion with a larger particle size. Similarly, an elevation in the 
hydrolysis rates and polymerization of silica precursors with 
increasing reaction temperature led to the formation of MSNs 
with more excellent particle dimensions [68, 112, 117–119].

Various forms of MSNs can be produced by modifying 
reaction parameters such as the synthesis temperature, co-
surfactant type, stirring rate, addition rate, and molar concen-
trations of water, silica source, surfactant, and catalyst [33, 
99, 120]. The particle morphology of MSNs is influenced by 
slight fluctuations in the composition of reaction mixtures and 
their pH levels, as has been noted through empirical observa-
tion [121]. Cai et al. (171) generated shapes like spherical and 
silica rods through molar concentration modification of CTAB, 
TEOS, and NaOH/NH4OH. The reduction of the condensation 
rate of silica was achieved by lowering the pH of the reaction 
mixture. This led to a decrease in the local curvature energy, 
ultimately forming SNs with discoid and spherical shapes [96].

5 � Functionalization Techniques for MSN 
Drug Delivery Targeting and Regulation

The physicochemical properties of MSN constitute prom-
ising nanoplatforms for drug delivery. These properties 
include a high drug loading capacity, a large surface area, 

adjustable pore size and volume, good chemical stabil-
ity, and biocompatibility. Furthermore, the functionaliza-
tion of MSN is facilitated by the copious presence of free 
silanol groups on its surface. The use of MSN on the nano-
porous material's inner and outer surfaces is encouraged 
by silanol groups. This feature offers several benefits, such 
as the regulated and prolonged delivery of bioactive sub-
stances, heightened efficacy towards the intended target, 
improved biocompatibility, and more significant conserva-
tion of biological materials [122]. The functionalization 
process does not affect the size or quantity of obtainable 
pores. However, when the internal permeability structures 
are functionalized, it enables the control and fine-tuning 
of host–guest chemistry, which is essential for the load-
ing of drugs (Fig. 4) [123]. Contemplate functionalizing 
the internal pore structure to regulate and optimize the 
host–guest chemistry is essential for drug loading [124]. 
The pore's size and accessible space are not affected. A 
reaction mixture, including a template former and a silica 
source, is initially added before the available co-condens-
ing reagent, such as organo-alkoxysilane, is added via a 
co-condensation technique. This method evenly covers the 
particulate's surface with the accessible substance. Since 
organic functional groups are introduced beforehand, they 
become a part of the particle and cannot be preserved by 
calcination as a template removal method [43]. Calcina-
tion can occur before or after the functionalization phase, 
whereas functionalization is performed after the NP is 
introduced (post-grafting) [125].

5.1 � Targeted Delivery by MSN

Targeting is using a nanocarrier to administer a medi-
cine or diagnostic to sick tissues only while minimizing 
the development of the nanocarrier in healthy tissues or 
cells. Passive targeting is made possible by the improved 
permeation and retention effect, where NPs preferentially 
accumulate at the tumor location since there is a leaky and 
loose blood vessel network. Active targeting is accom-
plished by lengthening the nanocarriers' circulation period 
while avoiding immune system surveillance. PEGylation 
exacerbated cytotoxicity due to improved cell penetration 
and sustained CUR release from PEGylated MSN, which 
stopped cell proliferation at all stages [127]. It's interest-
ing to hear about the various approaches researchers have 
taken to enhance the efficacy and safety of MSNs in drug 
delivery applications. One approach is PEGylation, which 
involves coating the MSNs with polyethylene glycol (PEG) 
to increase their circulation time in the body and reduce 
the risk of adverse effects such as hemolysis [127]. In the 
case of puerarin-loaded MSNs, PEGylation enhanced the 
compound's bioavailability and reduced hemolysis [128].
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Another approach is lipid bilayer coating, which involves 
coating the MSNs with lipids to improve their biocompat-
ibility and enhance their drug-delivery capabilities. In the 
case of ML336-loaded MSNs, lipid bilayer coating was 
found to suppress the Venezuelan equine encephalitis virus 
both in-vitro and in-vivo [129]. PEGylation has potential 
drawbacks, including rapid clearance, unexpected immu-
nological responses, and decreased cellular absorption in 
tumorous tissues [130]. A targeting moiety (such as a ligand, 
antibody, protein, or peptide) is attached to the nanocarrier 
to target tissues with changed biochemical microenviron-
ments. The cellular targets that the bound ligands engage 
with result in receptor-mediated endocytosis, which boosts 
DDS's therapeutic effectiveness by increasing cellular 
absorption. It is possible to bind ligands through chemical 
conjugation or physical adsorption [68].

5.2 � Controlled Drug Delivery

The unexpected absorption of pharmaceuticals by normal 
cells and early drug dispersion from pore spaces through-
out circulation throughout the body impede the effective 
implementation of the nano-system in therapies [131]. These 
problems make the nano-system challenging to utilize in 
treatments, even when tailored administration through ligand-
mediated drug delivery to a particular organ, tissue, or cell is 
feasible. Stimuli-responsive caps (gatekeepers) may lock up 
the pores of MSN when precise therapeutic dose control is 
necessary, reducing leakage and payload degradation, lower-
ing side effects and toxicity, and increasing the therapeutic 
impact of the drug [132]. Once the holes are sealed, the pay-
load is delivered through polymers, host–guest assemblies, 
inorganic NPs, biomacromolecules, and other gatekeepers. 

Such internal or external stimuli as pH, redox, enzyme, tem-
perature, magnetism, and UV radiation may activate these 
gatekeepers. Targeting sick tissue selectively is made possi-
ble by functionalizing ligands on the surface silanol groups, 
and stimuli-responsive gatekeeping allows the loaded medi-
cine to enter the target tissue [133].

6 � The Various Techniques for Regulating 
Drug Release Through Stimuli‑Responsive 
Gatekeeping

The term "smart" refers to biomaterials that may change 
their characteristics in response to one or more inputs. The 
biomaterials' reaction to one or more stimuli may be revers-
ible and take anywhere from minutes and hours. The stimuli 
could potentially be categorized in this way as physical, 
chemical, or biological (Fig. 5) [134].

6.1 � pH‑responsive

Drugs are only released when the intended pH is attained 
thanks to a pH-sensitive coupling between the sealing agent 
and nanocarrier. This hypothesis has been applied for gener-
ating MSN, which was incorporated with methotrexate and 
functionalized using chitosan (CHS) and 3-tri-ethoxy silyl 
propylamine [135]. The evidence indicates that the CHS 
coating exhibited a reduction in the viability of cancerous 
breast cells, even when exposed to low doses. Additionally, 
the coating enhanced and improved the cellular uptake of 
drug-loaded MSN. Resiquimod (R848), an immunostimu-
lant, was incorporated into the pores of MSN. Subsequently, 
a pH-sensitive acetal linker featuring biotin-conjugated at 

Fig. 4   Schemiaric skitch for 
surface functionalized MSN and 
its pores with variuos surface 
change. [126]
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the periphery was affixed onto the exterior of MSN. The 
avidin and the biotin interacted non-covalently to form the 
biotin-avidin mixture. Exposure of manufactured NPs to 
macrophage cell lines resulted in significant immune system 
responses, suggesting efficient intracellular payload trans-
port [136]. Aminated MSNPs (AMPSNPs) were synthesized 
as pH-responsive disulfiram-delivery [137].

6.2 � Redox‑responsive

Glutathione (GSH) is the principal scavenger of reactive 
oxygen species (ROS) and nitrogen species and a tripep-
tide that is present in cell organelles [138]. It does this 
by preserving the balance of redox conditions within the 
cells. Glycine, glutamate, and cysteine are the amino acids 
that make up this substance. To scavenge excessively 
produced intracellular ROS and detoxify xenobiotics, 
malignant cells need increased GSH levels [139]. For this 
reason, GSH is used for targeting the release of nanopar-
ticles [140–142]. To reduce the medication released into 
the tumor, MSN was co-loaded with paclitaxel and the 
P-glycoprotein inhibitor quercetin. The dialysis procedure 
at pH 7.4 with or without 20 mM GSH was used to study 
drug release. Likewise, 20% of the compound was released 
when no GSH was present, but over the course of 36 h, 
approximately 65% of the compound paclitaxel and 52% 
of the compound quercetin were released [143].

The release of drugs in response to redox was induced 
by the cleavage of the gatekeeper from the surface of NP 

through disulfide by GSH. No cytotoxicity was detected 
for empty MSN at concentrations up to 100 g/mL in-vitro. 
However, cancer cells exhibited significant internalization 
of DOX-MSN. An additional study by S. Zhao et al. [144] 
showed that the redox-responsive approach utilizing MSN 
as a core DDS had been found to be effective in deliver-
ing DOX and siRNA to tumor cells for targeted cancer 
therapy and drug release control. The results of this study 
suggest that the redox-responsive approach utilizing MSN 
as a primary drug delivery system (DDS) may be a viable 
means of effectively administering DOX and siRNA to 
tumor cells, thereby targeting cancer and regulating drug 
release [145].

MSNs nanoreservoirs collagen end-capped was fab-
ricated results showed a remarkable ability for redox-
responsive drug release as well as cell-specific targeting 
[146]. Another multifunctional MSN tagged with phenyl 
boronic acid and pore blocking with gold nanoparticles for 
targeted a redox-responsive controlled drug delivery into 
tumor tissue [147].

6.3 � Enzyme‑responsive

Enzymes are essential to many biological processes, and 
they are expressed in sick cells and tissues in varied ways. 
For instance, malignant and inflammatory tissues have 
elevated expression levels of phosphatases, proteases, and 
glycosides [148]. Therefore, enzyme-specific ligands could 
have adhered to medication-loaded NPs to target particular 

Fig. 5   Schematic illustration of 
the different stimuli-responsive 
polymer, 2021, American 
Chemical Society [134]
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sick tissues and improve the therapeutic efficacy of the 
medicine. Delivering specific medications to the colon via 
MSN Since no drug was released at any of those pH lev-
els without colonic enzymes (derived independently from 
colonic microflora), Kumar et al. [149] prepared MSN. The 
researchers loaded the 5-fluorouracil (5-FU) anticancer 
agent and coated it with guar gum as an enzyme-responsive 
gatekeeper. This coating effectively inhibited cargo release 
from the pores, as demonstrated by the results of in-vitro 
release. However, 40% of the total loaded medication was 
destroyed by increased enzyme concentrations. According to 
published studies, the protease family member matrix metal-
loproteinase is overexpressed in tumor cells, and collagen is 
a favorable substrate for these enzymes. Based on the chem-
istry of the enzyme substrates, collagen was used to func-
tionalize MSN that had been loaded with cisplatin [150].

6.4 � Thermo‑responsive

The phrase "thermo-responsive polymer" refers to materi-
als whose physical characteristics sharply alter with tem-
perature. Such polymers can display either a lower critical 
solution temperature (LCST) behavior or an upper critical 
solution temperature [151]. Over the LCST, the polymer 
either expands or shrinks due to its insolubility. Under 
the LCST, the polymer completely disintegrates in the 
solvents [152]. Accordingly, Ugazio et al. connected poly 
(NIPAM) to the pore walls of MSN, loaded it with querce-
tin, and then 3-methacryloxypropyl trimethoxysilane was 
copolymerized by free radicals. This method yields a dif-
ferent pore size of MSN (small and large). Rapid initial 
drug release was seen at both 20 and 40°C in the smaller 
one, while a 20% greater drug release at the latter tempera-
ture owing to the copolymer's thermal reactivity exhib-
ited by the larger MSNs. The smaller MSNs showed more 
excellent drug trapping but less thermoresponsive drug 
release because the drug was mainly physisorbed to the 
outside of the NPs release [153].

6.5 � Reactive Oxygen Species‑responsive

The concept of oxidative stress was introduced by Hel-
mut Sies and Dean Jones, who defined it as an imbalance 
between oxidants and antioxidants, with a bias towards 
the former. Under oxidative stress conditions, a significant 
amount of reactive oxygen species (ROS) can be observed, 
comprising singlet oxygen, hydrogen peroxide (H2O2), 
superoxide anion radicals, hydroxyl radicals, and hypochlo-
rous acid/hypochlorite. Several ROS-responsive nanocarri-
ers have been investigated to deliver medication to specific 
regions with elevated ROS levels. Helmut Sies and Dean 
Jones defined oxidative stress as the balance between oxi-
dants and antioxidants that favors the oxidants [154]. As 

a means of delivering medication to target locations with 
high ROS concentrations, many ROS-responsive nanocarri-
ers have been investigated. Further, Shen et al. [155] estab-
lished resveratrol-loaded MSN with polylactic acid caps for 
brain targeting. Burst release 50% was seen after one day 
and 90% after five days in studies on in-vitro release in the 
presence of H2O2. To increase skin penetration and control 
the glabridin release pattern, Du et al. [156] synthesized 
amine-functionalized HMSN and end-linked it with 4-car-
boxyphenylboronic acid.

6.6 � Magnetism‑responsive

Using externally administered magnetic radiation on target 
organs and tissues, MNPs have been researched for targeted 
drug delivery and diagnostics. They are constructed by 
synthetic materials, including ferrous, nickel, cobalt, and 
a few rare earth metals, and are coated with biocompatible 
compounds to make them more biocompatible. The process 
of combining bioactive agents to surfaces facilitates target-
ing [157]. The method for delivering drugs via magnetism 
involves gatekeepers that respond to stimuli, magnetic field-
guided drug targeting, and hyperthermia, a unique property 
of MNPs that could eradicate cancerous cells [158].

Further, Asgari et al. [159] created a mesoporous silica 
layer on iron oxide NPs. Radical polymerization was used to 
attach NIPAM copolymerized with acrylic acid to the sur-
face of silica. Importantly, 5-FU drug release was monitored 
while the model drug was put into the pores. AMF-applied 
NPs showed a persistent discharge after an initial burst 
release (50% drug) over two hours. Besides, Peralta et al. 
[160] coupled thermosensitive copolymer poly [NIPAM-co-
3-(methacryloxypropyl) trimethoxysilane] with core–shell 
iron oxide NPs coated with mesoporous silica layer and dis-
covered comparable results. Only 20% of the total loaded 
medication was released from the copolymer-capped NPs 
when the temperature reached 25 °C (below LCST). As 
opposed to this, at 40 °C (above LCST), the copolymer 
undergoes a coil-to-globule transition, which opens the 
pores and causes the whole amount of loaded medicines to 
be released from the NP's apertures over the course of 24 h.

6.7 � Ultrasound‑responsive

Recent developments in the ultrasonics, ultrasound is widely 
used in the medical field for therapeutic as well as diagnostic 
purposes [161]. It produces the biological effects through three 
different mechanisms: mechanical (acoustic cavitation and 
bilayer sonophoretic action), thermal (hyperthermia-induced 
cell death), and chemical (generation of ROS) [162]. When X. 
Li et al. [163] researched ultrasound-induced acoustic cavita-
tion, they attached the alginate strands onto the terminal amine 
chains and laminated the surface silanol chains of MSN.



356	 Silicon (2024) 16:345–366

1 3

6.8 � Light‑responsive

Targeted DDS uses light in one of three wavelength 
ranges, 650–900 nm the most popular used, near-infrared 
(NIR, 750–2000 nm), visible (400–750 nm), and ultravio-
let (200–400 nm). A dye-peptide mixture, specifically the 
antimicrobial peptide PA-C1b (palmitic acid conjugated 
chanson-1 b), was introduced into MSN's pores [164, 165]. 
They filled the pores with FA-conjugated graphene oxide 
to treat cancer using infrared-induced drug release. After 
being exposed to NIR (808 nm) for 10 min, in-vitro release 
started exhibiting abrupt and photo-induced release behav-
ior. In the absence of radiation exposure, NPs showed no 
release. In a different experiment, Ag NPs that had previ-
ously been encapsulated in the HMSN core by IBU-encapsu-
lated HMSN pores had their photo-responsive switch made 
of NIPAM copolymerized with acrylic acid. About 50% of 
the release was observed [166].

6.9 � Adenosine Rriphosphate (ATP)‑responsive

ATP concentration has been optimally regulated by nature 
in various organs and organelles. However, malignant and 
ill cells exhibit opposite variations in ATP concentration. 
At the specified site, two distinct, separate strands of DNA 
had previously been affixed to the surface of MSN, with an 
aptamer sensitive to ATP being intercalated between them. 
The aptamer undergoes cleavage in response to an ATP attack, 
exposing two separate strands of DNA and thus generating an 
opening to release the encasing chemical. ATP sensitivity was 
the highest when comparing the aptamer to different nucleo-
side triphosphates. This theoretical protest might therefore be 
applied in ATP-responsive MSN for drug delivery [167–169].

6.10 � Hypoxia‑responsive

The microenvironment surrounding a tumor is character-
ized by a lack of oxygen which exhibits an arrangement of 
expression that includes particular molecules and enzymes 
like nitro reductase and decreased phosphate, supplying 
the possibility to develop hypoxia-responsive DDS. For 
instance, incorporating an azobenzene derivative in a nano-
carrier structure has proven the breakdown of azo bonds, 
resulting in controlled drug delivery in a dehydrated state 
condition [170]. Similar to nitroimidazole, which experi-
ences fragmentation and decreases in hypoxic environments, 
nitroimidazole is being investigated extensively as a treat-
ment for hypoxia. In order to control the release of DOX, 
nitroimidazole was end-linked to MSN's surface and coupled 
with a-CD to produce a hypoxia-sensitive gatekeeper. The 
delivery of medications to cancer or any other disease that 
illustrates hypoxia may be targeted using these hypoxia-
responsive NPs [68].

6.11 � Electro‑responsive

MSNs grafted with electro-responsive polymers as a method 
for controlling the biomolecules release has been recently 
investigated. [171–173]

N-3-Triethoxysilyl propyl ferrocene carboxamide onto 
the surface of rhodamine 6G-loaded MSN, locking an 
electro-responsive gate over the pores. However, the oxi-
dation peaks detected by cyclic voltammetry demonstrate 
that the electrooxidation of the ferrocene moiety and the 
external application of voltage shifted the polymer's 
nature toward hydrophilia, despite the absence of peaks 
of only MSN. Only 4.41% of the payload leaked while no 
electrical current was supplied, but after 24 h slow, and 
gradual voltage-dependent leakage of around 48.19% was 
observed [174].

6.12 � Glucose‑responsive

Utilizing the blood glucose level as stimulus Hou et al. 
developed MSN decorated with carboxyphenylboronic 
acid coated by sodium alginate to form boronate ester 
insulin loaded. In-vitro studies have demonstrated that 
the release of insulin occurs promptly upon establishing 
a hypoglycemia environment, contingent upon the level of 
GLU present in the medium [175]. Likewise, Huang et al. 
[176]conducted comparative research to control insulin 
release during hyperglycemia. Here, MSN was coupled 
with 3-fluoro-4-carboxyphenylboronic acid, and insulin 
was then injected into the pores. Following this, the cou-
pler was connected to the copolymer poly (NIPAM-co–N-
acryloyl glucosamine) by an ester link, producing a borate 
ester just like in the earlier research. The cumulative 
release experiment demonstrated a progressive increase 
in insulin release over time, demonstrating the functional-
ized MSN's increased GLU sensitivity. This resulted from 
the copolymer coat rupturing because the GLU was able 
to bind successfully to the borate link.

6.13 � Miscellaneous

According to the phenotype, the neuroendocrine car-
cinoma identified as pheochromocytoma discharges 
noradrenaline, dopamine (DOP) and adrenaline. By graft-
ing azide-functionalized DOX-MSN with alkyne-modi-
fied DNA, which served as a template for Ag NPs, Yang 
et al. [177] created a DOP-responsive nano-platform to 
target DOP-secreting pheochromocytoma. Since the min-
eral biotin (vitamin-H) can be detected in more signifi-
cant quantities in cancerous tissue, the MSN-based NPs 
were developed by Le Li et al., who first desthiobiotin-
linked the amine-functionalized MSN-based NPs on the 
surface [178].
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7 � Dual Stimuli‑responsive Drug Delivery

Focusing on a particular stimulus may lead to premature or 
indiscriminate drug release. Thus, a more suitable approach for 
accurate payload management would be through dual or double 
stimuli-responsive controlled release. Nonetheless, this meth-
odology exhibits a limitation in that it necessitates the presence 
of both stimuli at the intended release location to activate the 
release of drugs independently [179]. Additionally, compared to 
healthy tissue, malignant tissue has a variety of constituents or 
variables with changed amounts, such as an acidic pH, hypoxia, 
higher levels of ROS, GSH, GLU, ATP, etc. [180]. For example, 
Folic acid, HER2/neu antibodies, as targeting ligands for cancer 
cells, were attached to the MSNPs [181].

Human hair keratin, a biocompatible, biodegradable pro-
tein that exhibits pH and GSH responsiveness, for cancer-
targeting needs. The protein underwent complexation on the 
surface of polydopamine (poly-DOP) layered doxorubicin-
loaded (DOX-MSN) through the formation of iron (III)-
mediated coordinate bonds. Upon exposure to NPs generated 
with DOX at a concentration of 10 g/mL, the viability of 
L929 cells, which are healthy, was observed to be approxi-
mately 1.5 times higher than that of A549 cells, which are 
malignant. The study followed an enhanced release of drugs 
in cancerous surroundings, as demonstrated by a gradual 
increase in DOX fluorescence within malignant cells, indi-
cating an ongoing release feature. [182]. Yumei Wang et al. 
glued phenylboronic acid pinacol ester over the MSNR sur-
face and trapped DOX in the pores (decorated DOX-MSNR) 
to integrate pH and ROS dual-responsive releasing nature to 
MSNR. After that, a CD-modified hyaluronic acid conjugate 
was connected to the boronic ester via supramolecular con-
tact. This attachment broke when the pH dropped, and the 
medication was released most effectively at pH 5, followed 
by pH 6.5 and 7.4. After this cleavage, DOX release was 
enhanced when boronic ester was exposed to the outside 
environment (where artificial H2O2 was introduced) [183].

8 � Triple Stimuli‑responsive Drug Delivery

Taking one step further, tri/triple stimuli-responsive MSN 
is being constructed and examined for improved healthcare 
delivery. The altered MMSN with the addition of a thiol 
group in a single pot, attached to S-(2-aminoethylthio)-
2-thiopyridine hydrochloride using a disulfide linkage, and 
then coated the exterior with poly (NIPAM). DOX putting 
was performed at 50 ℃ (above LCST) in dark conditions 
where globule to coil conversion of poly (NIPAM) led to 
drug completing into the pore spaces, thus provided an 
earlier purpose that drug release would take place above 

LCST, which surfaced to be genuine when investigated 
for in-vitro drug release, where 10% of DOX released at 
25 ℃ (below LCST) anyway around 50% release occurred 
at 40 ℃ (above LCST) within 10 h. When 10 mM tris 
(2- carboxyethyl) phosphine was utilized as a reductant to 
enhance the hydrodynamic diameter of NPs from 255 to 
458 nm in 2 h, disulfide bond breakage was verified. When 
a reducing agent was added to the mixture, the drug's 
release via the synergistic interaction of temperature and 
reducing agent was confirmed, showing, respectively, 65% 
and 80% cumulative release at 25 °C and 40 °C within 24 
h. At 25 °C without a reductant, by comparison, fewer than 
20% of the medicines were released. Magnetism-stimu-
lated drug release is brought on by magnetic hyperthermia, 
which transforms poly (NIPAM) from globule to coil. To 
create pH, redox, and light-responsive MSN for battling 
cancer, DOX-MSN was treated with the photosensitizer 
hematoporphyrin. Then, individually cesium oxide NPs 
were placed over the surface in a one-pot procedure. The 
drug release process included converting cerium oxide 
NPs to cerium ions under the influence of GSH and a low-
ered pH.

In contrast, the cerium oxide NPs were destroyed by 
UV light. Another study produced and loaded tiopronin 
into the pores of a mesoporous silica shell using similar 
combinations of stimuli. The copper sulfide nanosphere 
functioned as the core for the disulfide link doped MSN. 
CUR (as a fluorescent chemotherapeutic agent) and CHS 
formed a Schiff base connect, capping CHS to serve as an 
unpleasant release blocker and end-linking it to CUR [184].

The overall percentage of release increased to 63.30% 
with an increase in GSH concentration from 5 to 10 mM, 
demonstrating that GSH concentration affects release. 
Applying NIR light increased the total release in both pH 
5.0 and pH 7.4, indicating light-responsive release (caused 
by the photothermal conversion of the core), and the maxi-
mum cumulative release from NIR irradiation NPs reached 
91.90% in pH 5.0 with 10 mM GSH, within 48 h. This 
CUR-decorated core–shell MSN loaded with tiopronin can 
be used for imaging purposes in addition to chemothera-
peutic delivery, specifically to tumors [185].The fluores-
cent magnitude from CUR reduced considerably from 4 to 
48 h in acidic (pH 5.0) [186].

9 � Regulated Release Through a Hybrid 
Nanocarrier

It takes a complicated one-piece dual nanocarrier system 
consisting of MSN and another nanocarrier to transport 
many drugs and focus on a specific area for controlling 
release in response to stimuli.
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9.1 � MSN‑liposome

In the past, MSN and liposomes have been coupled by coating 
the MSN with a double layer of lipids over the peripheral sur-
face to enhance stability, boost drug loading efficiency, sustain 
payload release, and avoid early using a lipid bilayer structure 
that is pH sensitive [185]. The study compared the pH-respon-
sive release of a nanocomposite and another nanocomposite, 
wherein pH-sensitive nanoparticles exhibited the release of 
over 80% DOX, while pH-non-sensitive nanoparticles released 
only approximately 60% DOX over a period of 36 h. The 
present study reports the development of a nanocomposite 
comprising a pH-insensitive bilayer of lipids and DOX-MSN. 
The nanocomposite possesses a dual drug delivery capability 
owing to the flexibility of the lipidic bilayer, which enables 
it to accommodate any hydrophobic drug while also remain-
ing unoccupied. Feng et al. [187] investigated this dual drug 
delivery strategy and a stimuli-mediated release mechanism.

9.2 � MSN‑dendrimer

A class of organic nanocarriers with a three-dimensional mor-
phology is called dendrimers. They serve as medication deliv-
ery systems to increase effectiveness and lessen toxicity. X. 
Chen and Liu [188] successfully completed a project to cre-
ate anticancer nanocomplexes based on dual stimuli-sensitive 
releasability. MSN that has been functionalized with 3-mer-
captopropyltrimethoxysilane was disulfide-linked to 2-(pyri-
dyldisulfanyl) ethylamine. The terminal amine was connected 
to fluorescein isothiocyanate (a dye), and methotrexate was 
injected into the pores. A second-generation polyamidoam-
ine-based dendrimer compound was joined with the dye as a 
nanocarrier cap to load DOX and clog the pores. Hyaluronic 
acid produced a shell over the nanocomposite by electrostatic 
interaction. Dendrimer (-CD) for stimuli-mediated dual drug 
delivery was made by mixing MSN and -CD-enhanced poly-
amidoamines. Redox-responsive disulfide-linked azido link-
ers joined the interior walls of the holes, whereas the surface 
amine groups were bonded by ROS-responsive nitrophenyl 
benzyl carbonate. Anticancer medication SN-38 and therapeu-
tic gene Bcl-2 siRNA was added to the MSN's apertures after 
capture [dendrimer (-CD)]. Extruding the nanocomposite 
from the 4T1 cancer cell's membrane led to successful NPs. 
After 40 and 20 h, accordingly, the GSH-triggered leakage 
showed > 82% (SN-38) and > 60% (siRNA) release. Using 
membrane-coated NPs, in-vitro cytotoxicity on 4T1 cancer 
cells had the most significant influence on cell death [189].

9.3 � MSN‑nanofiber

Drug-filled MSN has been combined in the nanofiber struc-
ture to ensure the continued release of drugs. For this expla-
nation, rather than being laden in MSN, the NPs are inserted 

in either dosage-less nanofiber (mono drug delivery) or dis-
tinct drug-laden nanofiber (dual drug delivery). Moreover, 
comparable medicines have been incorporated into NPs 
and nanofibers implementing MSN-nanofiber composites 
(mono-drug delivery), which led to delayed, sustained drug 
release over a longer time frame [190]. To produce scaf-
folds for bone regeneration, dexamethasone-loaded MSN 
was coated with CHS, and these NPs were then dispersed 
in a poly-lactic acid solution and electrospun. Due to this, 
the MSN-nanofiber composite exhibited stimulus-respon-
sive activity [184]. Additionally, Samadzadeh et al. created 
an MSN-nanofiber composite that responds to magnetism. 
Using LCST 48 ℃, a temperature-sensitive copolymer solu-
tion of poly (NIPAM-co–N-hydroxymethyl acrylamide) was 
used to disperse iron oxide MNP and metformin-encapsu-
lated MSN. The necessary AMF-sensitive scaffold was cre-
ated by electrospinning this solution [191].

9.4 � MSN‑MSN

A hybrid nanocarrier platform can be created by combin-
ing two MSNs, amplifying the benefits of each MSN and 
improving medication delivery methods. Through supra-
molecular co-assembly of two heterogenous MSNs, one of 
which contained a sizable pore filled with melittin and func-
tionalized with -CD-modified polyethyleneimine chains, a 
dual drug carrier scaffold comprising both ofloxacin (OFL) 
and melittin (MEL) was produced [192].

10 � Biomedical Applications of MSNs

MSNs are employed in several medicinal, biological, and 
imaging applications (Fig. 6). While bioimaging might 
improve organ visibility, therapeutic applications can 
increase the bioavailability of medications with active 
ingredients. MSNs contain a medicine that is loaded to 
have the desired effect. Delivered medications include anti-
inflammatory and anti-cancer medications, and other active 
ingredients that boost the body's immunological responses 
have also been loaded. Additionally, due to their high drug 
loading and entrapment effectiveness, MSNs are appropriate 
for encasing a variety of medicines, increasing the efficacy 
of the formulation [15].

11 � MSNs in Cancer Therapy

Mesoporous silica nanoparticles have shown great poten-
tial in cancer treatment due to their unique properties, such 
as high drug loading capacity, controlled drug release, and 
surface functionalization for targeted delivery. MSNs have 
great potential in cancer treatment, and ongoing research 
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is exploring new ways to utilize their unique properties to 
improve cancer therapy and patient outcomes [137]. Two 
mechanisms are involved in creating multifunctional MSNs 
responding to targeted activated stimuli. The first step is the 
creation of MSNs with active target ligands that serve as 
capping agents on their surface. By making this alteration, 
drug targeting, and controlled release goals at the desired 
region are perpetrated. PEGylated MSNs that are nucleo-
lin-targeted have been successfully used to treat colorectal 
cancer. Rod-shaped MSNs were created and packed with 
camptothecin and shRNA, enabling simultaneous co-deliv-
ery to the desired location. Additionally, the aforementioned 
medication and RNA-loaded MSNs have been tagged with 
the AS1411 DNA aptamer for selective treatment against 
colorectal cancer. In animals with the C26 tumor, the medi-
cation and RNA-loaded MSNs displayed regulated release 
and may have inhibited tumor development. Therefore, the 
created MSNs can potentially be exploited as a delivery sys-
tem for RNA and medication to treat colorectal cancer [193].

Though radiotherapy (RT) has successfully treated can-
cer, its therapeutic effects, metastasis, and recurrence remain 
significant obstacles. Li et al. [194] created hydroxychloro-
quine (HCQ) encapsulated hollow MSN for improved radia-
tion treatment and autophagy suppression to increase radio-
sensitivity and overcome radio-resistance. These HMSNs 
significantly reduce the effectiveness of conventional radia-
tion by acting as radiosensitizers. Recent reports additionally 
address using MSNs in photothermal treatment, radiation, 
and magnetic-responsive delivery of drugs. Cao et al. [195] 

developed pH-sensitive MSNs for photothermal medication 
to eradicate liver's cancer.

11.1 � MSNs in Inflammation Treatment

Nonsteroidal anti-inflammatory drugs have also been deliv-
ered using MSNs for possible biological purposes. For 
instance, Celastrol-loaded MSNs were created by Jin et al. 
[196] to treat osteoarthritis. And to develop pH-dependent 
drug delivery systems, the MSNs have been coated with 
chitosan. MSNs with ibuprofen in them were created to 
alleviate musculoskeletal pain. According to Li et al., [197] 
silica nanoparticles coated in cotton textiles may transport 
NSAIDs, including ibuprofen, diclofenac, and salicylic 
acid. Therefore, it can be said that functionalized silica NPs 
have prospective uses in topical formulations that resemble 
creams and ointments for the development of anti-inflam-
matory agents.

11.2 � MSNs in Bioimaging Approaches

MSNs can be used as imaging agents to visualize tumors and 
monitor their response to treatment. MSNs can be loaded 
with imaging agents such as fluorescent dyes or magnetic 
nanoparticles, allowing them to be detected using imaging 
techniques such as fluorescence imaging or magnetic reso-
nance imaging (MRI). Chemical stability and a variety of 
physiological body circumstances are required for a sub-
stance to be utilized as a bioimaging agent. The formula-
tion should have good contrast imaging capabilities, a long 
blood circulation duration, and be in colloidal in-vitro and 
in-vivo [198]. Dual-mode fluorescence probes were created 
because standard fluorescent probes might be weak. MSNs 
containing gadolinium ions and red AIE color Using MRI 
and fluorescence imaging, incorporating the ions and dye 
into the MSNs offers an excellent opportunity for formula-
tion detection. This newly created MSN-based formulation 
helps to improve the present bioimaging techniques [199].

11.3 � MSNs in Photodynamic Therapy (PDT)

PDT is a cancer treatment that involves the use of pho-
tosensitizers and light to generate reactive oxygen spe-
cies (ROS) that can destroy cancer cells. MSNs can be 
loaded with photosensitizers and delivered to tumor 
cells, where they can be activated by light to induce can-
cer cell death. ROS is a fast-acting, cell-killing oxygen 
free radical excellent for treating malignancy. PDT may 
also be utilized to demonstrate antibacterial activity for 
infections of the ears and eyes. The light source turns the 
photosensitizer on, which also destroys unhealthy cells. 
The formulation may also be administered intravenously, 
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and following administration, the targeted organ may be 
exposed to light. One study used MSNs supplied with 
zinc-phthalocyanine, labeled with cetuximab antibody, 
and 131I radionuclide to identify the pancreas-targeting 
antibody [200].

11.4 � MSNs in Biosensors Application

MSNs have shown great potential in biosensors due to their 
unique properties, such as high surface area, tunable pore 
size, and biocompatibility [201–203]. Chen et al. [204] cre-
ated mesoporous silica nanoparticles coupled with a chemi-
luminescence (luminol/H2/O2) system to create the biosen-
sor. The model drug was cocaine, and MSNs and glucose 
were administered. The positive charge of the MSNs con-
taining glucose reacted with the negative electrical charge 
of the cocaine aptamer. In a different research investigation, 
Sandra et al. created avidin-gated MSNs for electrochemical 
biosensor applications. MSNs were loaded with the signal-
boosting agent avidin/iminobiotin-functionalized methylene 
blue, a redox probe. Sulphuric acid incubation of the pro-
duced MSNs formulation permits the release of the encapsu-
lated redox probe and facilitates the identification of cancer 
biomarkers [205].

11.5 � MSNs in Tissue Engineering

Regenerative medicine, often known as tissue engineer-
ing, is a young science that seeks to improve or repair 
the function of injured tissues by creating scaffolds with 
potential therapeutic properties. The ideal tissue-engi-
neering scaffold offers directed differentiation, robust cell 
adhesion, and growth behavior to develop novel tissues or 
organs. MSN-based scaffolds are built to boost prepared 
scaffolds' mechanical characteristics because of their 
potential stability and simple surface modification [206]. 
Satar et al. [207] prepared a chitosan/alginate nanocom-
posite conjugated with MSN for use in the field of bone 
engineering. MSNs were first produced and loaded with a 
composite scaffold made of alginate and chitosan that had 
been freeze-dried. MSNs were added to the constructed 
scaffold to increase mechanical strength, with little to no 
impact on porosity. The scaffold demonstrated a better 
capacity for biomineralization than the basic alginate/chi-
tosan scaffold and was non-cytotoxic. It was discovered 
that the MSNs with the alginate/chitosan scaffold had 
guarantee uses in bone tissue engineering [207].

The Future prospective  Mesoporous silica applications in 
the biological field can be optimized by Central composite 
design (CCD) via optimization study of response surface 
methodology (RSM). This technique improves experimen-
tal accuracy, reduces the number of experimental trials, 

and increases the amount of information available for 
measuring goodness of fit. Also, artificial intelligence (AI) 
and machine learning can be applied in tissue engineering 
by mesoporous silica. AI approaches have been used to 
predict the performance of drug molecules in mesoporous 
silica. Various AI algorithms such as artificial neural net-
works  (ANN), genetic algorithms (GA), and adaptive 
neuro-fuzzy inference systems (ANFIS) have been applied 
to predict carrier efficacy.

12 � Conclusion

A silica material known as mesoporous silica has a large 
surface area and a well-defined pore structure. Due to 
this, it is a material well-suited for biological applica-
tions, especially drug delivery systems. Surfactants serve 
as templates to regulate the pores' size and configuration 
during mesoporous silica synthesis. Other compounds, 
such as medication molecules or targeted ligands, may be 
functionalized to increase the material's selectivity and 
effectiveness. Transmission electron microscopy (TEM), 
X-ray diffraction (XRD), and nitrogen adsorption/desorp-
tion studies are often used to characterize mesoporous 
silica. These methods may provide details regarding the 
material's dimensions, internal organization, and surface 
characteristics, which are crucial for enhancing its effi-
cacy in drug delivery applications. Several biological 
applications, such as medication administration, gene 
therapy, and imaging, have used mesoporous silica. It is 
large surface area and pore structure enable regulated drug 
release and high drug loading, which may increase the 
effectiveness and safety of pharmacological therapies. The 
material is also a good contender for various therapeutic 
applications due to its biocompatibility and low toxicity. 
Ultimately, creating innovative drug delivery systems and 
other biological applications is a significant field of study 
in synthesizing and characterizing mesoporous silica.
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