Open Access Article. Published on 08 April 2024. Downloaded on 1/20/2026 7:20:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

7 ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

R EVl EW View Article Online

View Journal | View Issue

W) Checkfor updates Greening the pathways: a comprehensive review of
sustainable synthesis strategies for silica
nanoparticles and their diverse applications

Cite this: RSC Adv., 2024, 14, 11197

Arighna Saha,?® Prashant Mishra, © < Goutam Biswas*® and Snehasis Bhakta & *°

Silica nanoparticles (SiNPs) have emerged as a multipurpose solution with wide-ranging applications in various
industries such as medicine, agriculture, construction, cosmetics, and food production. In 1961, Stober
introduced a ground-breaking sol-gel method for synthesizing SiNPs, which carried a new era of
exploration both in academia and industry, uncovering numerous possibilities for these simple yet
multifaceted particles. Inspite of numerous reported literature with wide applicability, the synthesis of these
nanoparticles with the desired size and functionalities poses considerable challenges. Over time,
researchers have strived to optimize the synthetic route, particularly by developing greener approaches that
minimize environmental impact. By reducing hazardous chemicals, energy consumption, and waste
generation, these greener synthesis methods have become an important focus in the field. This review
aims to provide a comprehensive analysis of the various synthetic approaches available for different types
of SiNPs. Starting from the Stdber’ method, we analyze other methods as well to synthesis different types
of SiNPs including mesoporous, core—shell and functionalized nanoparticles. With increasing concerns with
the chemical methods associated for environmental issues, we aim to assist readers in identifying suitable
greener synthesis methods tailored to their specific requirements. By highlighting the advancements in
reaction time optimization, waste reduction, and environmentally friendly precursors, we offer insights into

the latest techniques that contribute to greener and more sustainable SiNPs synthesis. Additionally, we
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Accepted 22nd March 2024 briefly discuss the diverse applications of SiNPs, demonstrating their relevance and potential impact in fields
such as medicine, agriculture, and cosmetics. By emphasizing the greener synthesis methods and
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rsc.li/rsc-advances environmentally conscious practices while harnessing the immense capabilities of SiNPs.
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1. Introduction

Nanotechnology is dedicated to crafting unique particles on the
nanoscale, and it has witnessed substantial advancements in
the creation of polymeric, liposomal, and inorganic nano-
particles, serving a wide array of industries including elec-
tronics, medicine, and consumer goods." Among these versatile
nanoparticle formulations, silica-based nanoparticles (SiNPs)
have emerged as a focal point of attention, showcasing signifi-
cant promise across numerous applications. In recent years,
SiNPs have experienced a surge in interest and exploration,
solidifying their status as a highly promising frontier in the
realm of nanotechnology.”

Extensive research has yielded numerous reports detailing
the synthesis of SiNPs. These reports showcase the successful
synthesis achieved through the manipulation of various reac-
tion conditions.? Researchers have explored techniques such as
varying reaction conditions, incorporating electrolytes, altering
the base or catalyst, and utilizing different precursors to achieve
desired SiNPs properties.* Recent advances in SiNPs prepara-
tion, with a target of achieving sizes below 100 nm, have
generated specific morphological architectures. These archi-
tectures include porous and mesoporous structures, spheres,
hollow spheres, fibers, tubules, helical fibers, and more. The
ability to tailor the morphology of SiNPs opens exciting possi-
bilities for their application in diverse fields. Several synthesis
techniques have been employed for SiNPs production, each
offering distinct advantages. Methods such as flame spray
pyrolysis, chemical vapor deposition, sol-gel process, micro-
emulsion, and others have been explored. Among these tech-
niques, the sol-gel process remains the most popular due to its
exceptional ability to exert precise control over particle size,
distribution, and morphology. This control is achieved through
systematic monitoring and optimization of various reaction
parameters.® The sol-gel process enables researchers to finely
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tune SiNPs properties by manipulating several factors such as
precursor composition, solvent composition, reaction temper-
ature, and reaction time. This flexibility enables the custom-
ization of SiNPs for specific applications. Additionally, the sol-
gel process allows for the introduction of dopants, functional
groups, or surface modifications during synthesis, further
expanding the potential applications of SiNPs. The sol-gel
process offers a low-temperature method for synthesizing
compounds that are either entirely inorganic or a combination
of both inorganic and organic components. In recent times,
significant advancements and developments have been re-
ported, enhancing the effectiveness and versatility of the sol-gel
process. These improvements encompass various aspects, such
as the utilization of surfactants or polymers as templates, the
exploration of different precursor materials, optimization of
reaction settings, and advances in drying processes. These
advancements collectively contribute to expanding the capa-
bilities and applications of the sol-gel process, enabling the
synthesis of a wide range of tailored nanoparticles with
enhanced control and precision.®

Considering various applications such as drug delivery and
waste management,”® SiNPs offer the flexibility to undergo
chemical functionalization with a range of target substances.
This involves the attachment of polymers, ligands, or specific
functional compounds through physical adsorption or covalent
conjugation, leveraging silane chemistry to augment or alter
their chemical and physical characteristics. The main goal of
this review is to explore diverse SiNPs synthetic approaches,
spanning from the well-established and optimized Stober
method to more environmentally friendly and sustainable
routes. Our prime objective is to offer a thorough overview of
recent research progress in SiNPs synthesis. Alongside the
analysis of these synthesis methods, this study also encom-
passes the fabrication of SiNPs with varying shapes and surface
modifications. By delving into these facets, this review seeks to

Snehasis Bhakta is an Assistant
Professor in Chemistry in the
Department of Chemistry, Cooch
Behar College, India since 2020.
He completed his MSc from
Indian Institute of Technology
Bombay, India in 2009 and then
obtained PhD from University of
Connecticut, USA in 2017. He
then worked as a Postdoctoral
Researcher in  Northeastern
University, Boston and Indian
Institute of Technology Delhi,
India. His main research inter-
ests comprise Molecularly Imprinted Polymers, Biosensors, alter-
native greener approach for the nanoparticle synthesis and their
applications.

Snehasis Bhakta

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01047g

Open Access Article. Published on 08 April 2024. Downloaded on 1/20/2026 7:20:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

enhance the understanding of SiNPs synthesis towards future
researchers, showcasing advancements in the field and laying
the groundwork for future innovations in customized SiNPs
manufacturing.

2. Synthesis of nonporous silica
nanoparticle

The creation of impermeable silica nanoparticles (SiNPs) has
long been acknowledged as a cornerstone in the field of nano-
material science, establishing a vital basis for diverse scientific
and industrial applications. These nanoparticles, with their
well-defined and compact structures, have garnered significant
attention due to their remarkable versatility and unique prop-
erties. In this section, we deep dive into the intricate world of
SiNPs synthesis, tracing the journey from early methodologies
like the Stober method to more contemporary and environ-
mentally conscious approaches. By comprehensively examining
the evolving landscape of nonporous SiNPs synthesis, we aim to
shed light on the rich history, the present state of art, and the
future prospects of these essential nanomaterials in various
fields, from material science to biotechnology and beyond.
Various synthetic methodologies can be employed to
produce nonporous SiNPs, which are widely acclaimed for their
versatility in numerous applications. The synthesis of these
nanoparticles commonly involves the adoption of both top-
down and bottom-up methods, reflecting the diverse
approaches used in nanoparticle production.>'® A top-down
method involves a nanoparticle synthesis approach that
utilizes specific size reduction techniques to decrease the
dimensions of the original material (a physical approach). This
approach is known for its cost-effectiveness, however achieving
a high degree of particle homogeneity poses a significant chal-
lenge.™ On the other hand, the bottom-up or chemical method
is frequently employed to create SiNPs at the atomic or molec-
ular level. This approach has gained substantial recognition as
a promising avenue for nanoparticle synthesis, primarily
because it is believed that conventional top-down methods
cannot achieve size reduction at the subatomic or nano-scale
level. However, it's important to note that bottom-up
approaches often involve the use of a range of harsh chem-
icals and costly procedures, which may introduce potential
environmental and biological risks.”” Thus, in the realm of
SiNPs synthesis, an array of both physical and chemical
processes have been harnessed, each with its own distinct
advantages and limitations. Techniques such as the reverse
microemulsion process, laser ablation, flame process, chemical
vapor condensation, and sol-gel process offer promising
avenues for SiNP production. However, it's important to
recognize that these approaches are not without their
drawbacks.™®" In response to the growing need for more envi-
ronmentally responsible practices, there is a resounding call for
green and eco-friendly SiNPs synthetic methods. These
sustainable approaches utilize natural silica precursors and
environmentally sustainable catalysts. Silica, a fundamental
component in nanoparticle synthesis, can be sourced from
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a wide array of materials, including minerals, rocks, clays, and
various agricultural and industrial waste products such as rice
hulls, husks, straw, and sugarcane bagasse.' In the pursuit of
eco-friendliness, alkaline catalysts derived from sources like
leaf extracts, fruit pulps, and aqueous extracts of specific plant
components have demonstrated promise in SiNP synthesis.
This environmentally conscious approach not only proves effi-
cient and cost-effective but also time-saving, aligning harmo-
niously with sustainable practices. Harnessing the potential of
natural resources to produce SiNPs not only benefits science
and industry but also upholds a commitment to environmen-
tally responsible innovation.

This section comprehensively explores the evolution of
modifications applied to the sol-gel process, focusing particu-
larly on Stober's method for synthesizing SiNPs. Additionally, it
delves into alternative processes for producing SiNPs. Given the
extensive applications of SiNPs across various fields, the
imperative of adopting environmentally friendly synthesis
methods is emphasized. The article adopts a historical
perspective, tracing the development of synthesis methods over
time. It critically evaluates diverse techniques for producing
SiNPs with distinct shapes and surface characteristics.
Furthermore, the review provides a consolidated examination of
the applications of these nanoparticles in diverse domains.

2.1 SiNPs synthesis via. Stober's sol-gel method

The Stober method, initially introduced in the 1960s, involves
a series of chemical reactions for synthesizing SiNPs. It begins
with the hydrolysis and condensation of a silica alkoxide
precursor, such as tetramethoxysilane (TMOS) or tetraethox-
ysilane (TEOS), conducted in the presence of a suitable solvent
and catalyst, typically at room temperature. This process leads
to the formation of colloidal silanol and siloxane compounds.*
In the Stéber method, SiNPs are crafted through a sequential
hydrolysis and condensation process. During the hydrolysis
step, a nucleophilic attack takes place on the tetraalkoxysilane
molecule, facilitated by hydroxide anions, resulting in the
formation of an anionic pentacoordinate intermediate and the
removal of an alkoxide group (Fig. 1). The first step of the
condensation process involves the extraction of a proton from
the silanol by the hydroxide ion, leading to the generation of
siloxide ions and water. Subsequently, the siloxide ion
undergoes an Sy2 attack on the core of other silanol molecules,
resulting in the formation of siloxane bonds.

Initially, Stober's pioneering work focused on the synthesis
of micrometer-sized SiNPs. Over time, numerous optimizations
had been diligently carried out to refine the process, enabling
the reproducibility of SiNPs with diverse sizes, shapes, and
morphologies. To finely control the porosity, size, and unifor-
mity of mesoporous silica nanoparticles (MNPs), commonly
employed reactants include ammonia, serving as an alkaline
catalyst, and a surfactant. These surfactants and segmented
copolymers, play a pivotal role in achieving the desired struc-
tural characteristics of the nanoparticles. The absence of
a surfactant during the synthesis process leads to the produc-
tion of non-porous and non-monodisperse particles.
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Fig. 1 Scheme for SiNPs synthesis using the classical Stober method. This method mainly comprises base catalyzed hydrolysis of the tetraal-

kylsilane followed by condensation of the silanol.

To precisely control over the dimensions, morphology, and
uniformity of particles synthesized via the Stober process,
extensive research has been dedicated for understanding the
kinetics and characterizing the steps involved. For instance, the
study conducted by Nozawa et al., have delved into the intricate
relationship between the rate of TEOS addition and the result-
ing particle size. These endeavors have contributed significantly
to the advancement of nanoparticle synthesis.”® By carefully
regulating the rate at which TEOS was added, researchers ach-
ieved a remarkable outcome—producing smaller and more
uniformly sized particles. With precise control of the addition
rate, they managed to achieve a significant 30% reduction in
particle size. Pushing the boundaries further, an even faster
addition rate resulted in an impressive 60% reduction in
particle size. In pursuit of a streamlined approach for gener-
ating sub-100 nm particles, Y. Huang et al. introduced a novel
reaction condition. This condition was based on a creative
adaptation of the traditional LaMer model, tailored to the Sto-
ber process. Their innovative approach aimed to find a set of
optimized conditions that would yield particles of the desired
sub-100 nm size.** In contrast to various other synthetic
approaches reported in the literature, this method stands out by
notably diminishing the requisite number of test experiments
essential for producing uniformly spherical silica particles
below the threshold limit of 100 nm. Employing TEOS in
conjunction with suitable modifier molecules, such as vinyl-
trimethoxysilane (VIMS) and 3-(methacryloyloxy) propyl-
trimethoxysilane (MPS), E. Effati et al. successfully synthesized
silica nanoparticles (SiNPs) with vinyl and acrylate modifica-
tions.?* Through the fine-tuning of reaction conditions, this
process yielded spherical SiNPs with average diameters that
spanned a range from 50 to 700 nm. Gholami et al. synthesized
spherical SiNPs using a sonochemical technique by reacting
TEOS, methanol, and ethylenediamine (en) in the presence of
an organic Schiff base ligand (Salpn-NO,)** using water as
solvent. To achieve the ideal conditions, the impacts of prepa-
ration parameters including ultrasonic power, ultrasonic irra-
diation time, and molar ratio of organic Schiff base ligand to

1200 | RSC Adv, 2024, 14, 97-11216

TEOS were optimized. It was discovered that these character-
istics could have an impact on the morphology, size, and phase
of the products. Shekarriz and coworkers used the sol-gel
process to make SiNPs with large surface area from water glass
(sodium silicate), a cheap precursor.?* The response surface
method (RSM) and central composite design (CCD) approaches
were used to systematically design the synthesis. Particle
surface area is regarded as the response or output parameter,
and four important elements, including sodium silicate solu-
tion concentration, solution pH, reaction temperature, and
reaction time, are designated as the key regulating parameters.
It is possible to produce nanoparticles with a 630 m* g~ " surface
area and an 8 nm particle size. Huang et al.>* employed a novel
precursor, 4-(chloromethyl) phenyltrichlorosilane, to introduce
modifications at silica spheres. This innovative approach
allowed for the creation of a highly sensitive and selective
nanoparticle powder through a straightforward and cost-
effective self-assembly process. The highly sensitive nano-
particle is utilized for latent fingerprint detection. Using the
sol-gel process, Dubey et al. prepared silica nanoparticles
(~25 nm in diameter) from TEOS as a precursor and PVP as
a surfactant.** TEOS and numerous organosilanes were used by
Barrera et al. to generate a range of functionalized, spherical,
hydrophobic silica with a 0.5 pm size.”” From silicon tetra-
bromide (SiBr,) and 3-aminopropyltriethoxysilane (APTES),
Chandra and coworkers described a one-pot synthesis of water
dispersible fluorescent SiNPs functionalized with terminal
amine groups.”® The NPs having a diameter between 1 and
2 nm, exhibit a strong blue fluorescence, and have a quantum
yield (QY) in water of about 34%. Without using a base catalyst,
the process of synthesis was also carried out in ethylene glycol
and water medium. According to Gu et al. a two-step synthesis
approach following the hydrothermal-assisted sol-gel method
was adapted to produce superhydrophobic SiNPs.>* TEOS was
hydrolyzed and condensed to produce SiNPs. The addition of
hexadecyltrimethoxysilane (HDTMS) enabled the condensation
reaction between the hydroxyl groups of silica and HDTMS,
making the silica particles hydrophobic. A straightforward

© 2024 The Author(s). Published by the Royal Society of Chemistry
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alteration to the traditional Stober process was described by
Meier et al., allowing for the high temperature synthesis of
nanometric silica particles with diameters smaller than 100 nm
in sealed reaction tubes.** The improved synthetic method
permits the production of smooth surface patterns and spher-
ical SiNPs with mean diameters ranging from 28 to 647 nm. In
this study, ethanolamine is used in sealed reaction tubes with
ambient pressure to synthesize SiNPs instead of a traditional
base catalyst. Jiang and co-workers reported silica microspheres
with a narrow particle size distribution and an average diameter
of 80-200 nm by varying the amounts of ammonia, water, TEOS,
and temperature.** Ling et al. designed the microfluidic reactor
with a micro-droplets production junction where the reactants
are combined to produce droplets with each droplet acting as
a separate reactor.’” TEOS served as a precursor in the synthesis,
acetic acid as a catalyst, and water as a hydrolyzing agent. With
an average size of 6 + 1.3 nm and flawless spherical structure,
a highly monodispersed SiNPs were prepared in a microreactor.
As per the findings of Bhakta et al., the substitution of ammonia
with NaOH as the catalyst brought about a remarkable reduc-
tion in the reaction time, slashing it from 24 hours to a mere 90
minutes. Notably, the authors reported their ability to synthe-
size SiNPs of varying sizes simply by adjusting the NaOH
concentration, all achieved at room temperature.®® In more
recent research, it has been revealed that the incorporation of
electrolytes in a low-alcohol environment (Fig. 2) offers a means
to generate SiNPs within the desired size range.**
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alcohol nucleate and TEOS
started phasing out
Electrolyte

Initial nucleation
by monomeric
soluble silica

Primary seed
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These various optimizations in the Stober method of SiNP
synthesis not only present exciting prospects within the realm
of research but also hold great promise for industrial-scale
production. The scientific advancement in the synthesis of
silica nanoparticles is pictured in the Fig. 3.

2.2 Reverse microemulsion process

The reverse microemulsion process, also known as water-in-oil
(W/O) microemulsion, is a versatile and specialized technique
used in nanoparticle synthesis and various chemical applica-
tions. In this process, tiny water droplets are dispersed within
an organic solvent, forming a stable emulsion with the help of
surfactants, with a drop diameter ranging from 10 to 100 nm.*
The roles of the components in reverse microemulsions are
typically reversed compared to conventional microemulsions
(oil-in-water). The reverse microemulsion process offers excep-
tional control over reaction conditions, making it particularly
useful for nanoparticle synthesis. It allows for precise manip-
ulation of particle size, shape, and uniformity, and it can be
employed to encapsulate or coat nanoparticles with various
materials, including silica, polymers, or metals. Schulman et al.
(1959)% first suggested the term “microemulsion”, which is
a single optically isotropic and thermodynamically stable liquid
solution. A system with low viscosity, transparency, isotropy,
and high stability may arise from adding a co-surfactant to
a coarse microemulsion made of water and surfactant in an
amount sufficient to produce microdroplets. Reverse micelles

(\[e}
nanoparticle
centrifuge
0202°
e O
00
Silica centrifuge

nanoparticles

Fig. 2 Graphical presentation of electrolyte assisted SiNP synthesis. This new finding helped to reduce the organic solvent use during the silica

nanoparticles synthesis.
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Fig. 3 Evolutionary timeline of SiNPs synthesis: outlining progressions from the Stéber method, this figure illustrates the recent advances in
faster and cost-effective synthesis methods employing diverse bases and electrolytes.

are spheroidal aggregates created when surfactant molecules
are dissolved in organic solvents.*” Indeed, the water-in-oil
reverse microemulsion process is a commonly used method
for producing SiNPs.*® In this process, water droplets, carefully
stabilized by a surfactant, are introduced into an oil phase,
effectively creating micelles that serve as nanoscale reactors.
Within these micelles, the conditions are conducive for the
nucleation and growth of SiNPs. TEOS, the precursor for silica,
undergoes hydrolysis and condensation reactions as it diffuses
into the aqueous phase, which also contains ammonia as
a catalyst. Importantly, micelles interact by colliding and
exchanging hydrolyzed monomers and/or nuclei, fostering the
progressive development of SiNPs. This intricate interplay of
reactions and nanoscale environments allows for precise
control over SiNP formation, size, and properties.** Osseo-Asare
et al. have noted that the key factors influencing the ultimate
size and distribution of nanoparticles are the ratios of water to
surfactant, the concentration of ammonium hydroxide, and the
concentration of TEOS.*

In contrast to traditional Stober techniques, the reverse
microemulsion process offers a distinct advantage by producing
monodisperse nanoparticles typically ranging in size from 15 to
50 nm. However, this method comes with a drawback: it relies
heavily on organic solvents and surfactants throughout the
synthesis, which subsequently complicates the purification
process. Even after rigorous purification, these solvents and
surfactants tend to linger on the nanoparticle surface, further
exacerbating the issue. These limitations pose substantial
challenges when contemplating the scalability of the process,
primarily due to the requirement for costly solvents and
extensive purification procedures. As a result, these challenges

1202 | RSC Adv,, 2024, 14, T97-11216

place significant constraints on the feasibility of large-scale
production.”

3. Green and eco-friendly synthesis
of SiNPs

Environmentally friendly methods for synthesizing SiNPs offer
a host of advantages. Notably, SiNPs produced through green
techniques exhibit at par quality with those NPs synthesized by
using conventional chemical methods. These eco-friendly SiNPs
find versatile applications across various technical domains,
encompassing fields such as medicine, pharmaceuticals, elec-
tronics, paints, cosmetics, and many more.

In green synthesis processes, environmentally safe reagents
replace hazardous chemical counterparts, resulting in purer
and less toxic nanoparticles compared to those generated
through chemical means. The precursor employed in the
synthesis of SiNPs often originates from agricultural waste,
offering a substantial advantage due to its abundant availability
at a remarkably low cost, particularly during the harvest season.
An excellent example is rice husk, an agricultural byproduct rich
in silica, which has been extensively documented in the litera-
ture as a valuable resource for producing high-quality SiNPs.
For instance, Jansomboon et al. created silica micro- and
nanoparticles by using rice shell for first time.** In order to
synthesize highly pure amorphous silica nano-discs, Lu et al.
employed rice straw as a source of silica.*” Sankar et al
produced bio-generated SiNPs using sticky, red, and brown rice
husk ash.”® In order to extract 52-78% silica from various
agricultural wastes, Vaibhav et al. synthesized SiNPs from
wastes such rice husk, bamboo leaves, sugarcane bagasse, and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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groundnut shell.** Sorghum bicolor also produces agricultural
waste, however, this waste is not properly disposed, therefore it
causes pollution. Sorghum leftovers contain a significant
amount of silica, making them suitable as a starting material to
produce SiNPs. For a variety of uses in the food industry, Athi-
narayan et al. produced SiNPs using Sorghum bicolor leaves.*®
Balamurugan et al. also used the seed head of Sorghum vulgare
to produce nanosilica.*® As mentioned previously, various plant
components can be used to create nanoparticles made of
diverse materials and categories. For the synthesis of nano-
materials, the synthetic processes have employed extracts of
diverse plant components from various origins as reducing or
hydrolyzing agents. This environmentally friendly method
helps to avoid using chemicals that are required for the
synthesis of different nanomaterials. Many common plants can
be used as a precursor for the synthesis of silica nanoparticles.
Sethy et al. employed bamboo leaf ash to produce SiNPs and
showed the application of this nanoparticles for the separation
of polydimethylsiloxane (PDMS).*” In order to prepare SiNPs,
Durairaj et al. used the well-known sol-gel technique using
Bambusa vulgaris leaf ash.*® A green synthesis was reported by
Jabeen et al. to synthesize SiNPs from TEOS and Azadirachta
indica (Neem) leaf extract. In this method the neem leaf extract
acts as reducing and capping agent.*®

There have been several reports on the synthesis of SiNPs
with the help of microbes. Vetchinkina et al. produced silicon
nanospheres with sizes ranging from 5 to 250 nm using bacte-
rial culture solutions.*® Singh et al reported silica nano-
composites utilizing the bacterium actinobacter species.*
Yeasts and eukaryotic organisms can synthesize highly homo-
geneous nanoparticles. Using TEOS as a silicon source and
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diphenyl iodonium hexafuorophosphate as a super acid
generator, Liu et al. produce SiNPs using a photochemical
process.”> The initial hydrolysis of the silica source (TEOS)
caused by the produced acid ultimately resulted in the forma-
tion of the particles. The use of fungi in the synthesis of SiNPs
has been extensively reported in the literature. Verticillium sp.
wereharvested for internal nanoparticle synthesis, and Fusa-
rium, Aspergillus, and Penicillium have promising potential for
extracellular bio-production of various metal nanoparticles. For
instance, Piela et al. used the Fusarium culmorum fungus to
bioconvert corn cob husk into SiNPs of defined size and form.*
A few images of SiNPs via biosynthesis are given Fig. 4. From
rice husk, Bansal et al. discovered a novel method to produce
nanosilica. In this study, silica from rice husk is bioleached
using the fungus Fusarium oxysporum. The naturally occurring
biosilica found in rice husks can be quickly bio transformed by
this fungus into crystalline SiNPs.** In an intriguing study,
Estevez et al. used Californian red worm to biodigest rice husk
to produce silica nanoparticles. Rice husk and water are
supplied to the worms, which then formed humus. After various
treatments, SiNPs between 55 and 250 nm were obtained.*
Using several eukaryotic microorganisms such Actinomycetes,
Fusarium oxysporum, Aspergillus niger, Trichoderma species, and
Penicillium species, Kaur et al. synthesized SiO, nano-
composites from rice husk and wheat bran. In the size range of
232 to 250 nm in which all these microorganisms biotransform
amorphous silica from a natural source to crystalline silica in
less than 24 hours.*® In comparison to SiNPs made using
chemical procedures, the purity of the SiNPs produced using
the various green methods discussed is noticeably higher and
generate much lower amount hazardous byproducts. Although,

Fig. 4 FESEM images of biosynthesized of SiNPs (a—c) HRTEM images of biosynthesized SiNPs (d—f).5° Copyright © 2021, Elsevier.
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Table 1 Green and ecofriendly synthesis of SiNPs (reorganization) source, size and shape of NPs, methodology, reagents employed etc.

Author Source/precursor Ref.
Jansom Boon et al. Rice shell 41
Lu et al. Rice straw 42
Sankar et al. Sticky, red, and brown rice husk ash 43
Vaibhav et al. Rice husk, bamboo leaves, sugarcane bagasse, and groundnut shell 44
Athinarayan et al. Sorghum bicolor leaves 45
Balamurugan et al. Sorghum vulgare 46
Sethy et al. Bamboo leaf ash 47
Durairaj et al. Bambusa vulgaris leaf ash 48
Jabeen et al. TEOS and Azadirachta indica (neem) leaf extract 49
Vetchinkina et al. Bacteria cultured liquid 50
Singh et al. Bacterium Actinobacter as reductase and oxidase 51
Liu et al. Yeasts and eukaryotic organisms along with TEOS 52
Aleksandra Pieta et al. Fusarium culmorum fungus as bio converter and corn cob husk 53
Bansal et al. Rice husks and Fusarium oxysporum 54
Estevez et al. Californian red worm and rice husk 55
Kaur et al. Rice husk, wheat bran and eukaryotic microorganisms 56

the synthesis process may take longer time, there are many
other advantages associated with those bio-synthesized nano-
particles. For instance, Albalawi et al®” reported the SiNPs
synthesized using. Aspergillus niger showed a promising anti-
fungal activity against Alternaria solani. According to their
studies, this biosynthesized SiNPs can be used useful to prevent
early blight disease of eggplant as an alternative to chemical
pesticides. Similarly, biosynthesized SiNPs in the range of 20-
50 nm using Penicillium oxalicum exhibited photocatalytic
properties and these particles decolorized Ribazol black b and
Crystal violet dyes under a UV-light.*® Various naturally occur-
ring precursor of SiNPs are summarized in Table 1.

The synthesis of nonporous SiNPs has evolved significantly
over the years, from classic methods like the Stober approach to
greener and more sustainable strategies. These compact nano-
particles, with their precise structures and tailored properties,
continue to serve as fundamental building blocks in nano-
science and technology. With the development in the field of
nanotechnology, it is evident that the progress of novel
synthesis techniques and the optimization of existing ones will
remain critical in unlocking the full potential of nonporous
SiNPs across diverse applications. The journey from traditional
to sustainable methods exemplifies not only the progress in
materials science but also the commitment to environmentally
responsible practices, making nonporous SiNPs a promising
avenue for future innovations in nanotechnology.

4. Other silica nanoparticle

Beyond nonporous SiNPs, a diverse array of SiNPs, including
mesoporous, hollow spheres, and core-shell structures, bio-
logically compatible nanoparticles have gained widespread
attention for their versatile applications and have been
synthesized through various innovative routes (Fig. 6). These
synthetic approaches for producing SiNPs, whether meso-
porous, hollow spheres, or other distinct shapes, predomi-
nantly build upon the foundational Stober process while
incorporating additional structure-directing elements. Notably,

1204 | RSC Adv, 2024, 14, M97-11216

alterations in nanoparticle shape play a pivotal role in shaping
the in vivo properties, impacting critical factors such as bio-
distribution, bioavailability, and their potential for cellular
endocytosis.®® The synthesis of nanoparticles can be systemat-
ically modified by introducing alternative dopants as precur-
sors, making substantial adjustments to pH or temperature
during the synthesis process, or commencing with a precisely
engineered template. This subtopic explores the synthesis and
implications of these varied SiNP structures in the realm of
nanotechnology.

4.1 Synthesis of mesoporous silica nanoparticles (MSNP)

The synthesis of MSNPs stands as a significant milestone in the
realm of nanomaterials, offering a wealth of opportunities for
applications in diverse fields. These nanoparticles, character-
ized by their intricate pore structures and high surface areas,
have garnered substantial attention due to their exceptional
versatility and potential to address various challenges in science
and technology. In this section, we embark on a comprehensive
exploration of the synthesis methodologies employed in craft-
ing MSNPs, exploring into the ingenious strategies that enable
precise control over their pore size, morphology, and surface
functionality. By modifying the Stober process with additional
surfactants (such as cetyl trimethylammonium bromide
[CTAB]), micelle-forming materials, polymers, and other
dopants, mesoporous SiNPs can be obtained.®** The removal
of the micelles causes the SiNPs to develop pores because the
micelles serve as masks for the TEOS-based silica development
(Fig. 5). Nooney et al. demonstrated that MSNPs with a wide
range of diameters, varied from 65 to 740 nm, were synthesized
by simply varying the TEOS-surfactant ratio under diluted
conditions by using both cationic CTAB and non-ionic surfac-
tants (n-dodecylamine) as templates.** MSNPs can be made by
changing a few synthesis variables, including the pH of the
reaction mixture, the properties of the copolymers or surfac-
tants utilized, the reagent concentrations, and the sources of
silica.®® Moller and Bein discussed how to obtain functionalized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 A step wise schematic diagram of the MSNP synthesis.®® Copyright © 2021, Royal Society of Chemistry.

mesoporous SiNPs through co-condensation methods with
organosilane agents, with a focus on the spatially selective
anchoring of various molecular functionalities within the
nanoparticles. They also discussed the modification of the pore
size and pore topology of the mesoporous system through
templating and pore-swelling agents, as well as by adjusting the
synthesis conditions.®® By adjusting the ethanol content, the
pore diameter of the sphere was customized. To balance the
hydrophilic-hydrophobic composition of the self-assembling
system as well as the interaction between ethanol and the
cationic surfactant, ethanol may function as a “spacing agent.”
The team suggested a “Liquid Crystal Initiated Templating”
mechanism for the micellar rods' hexagonal arrangement. In
this particular method, the sequence of events unfolds in
a specific manner. Initially, the surfactant undergoes a self-

Nonporous SiNPs Mesoporous SiNPs

Hollow MSNPS

organization process, followed by the typical hydrolysis of
alkoxides. Subsequently, the surfactant molecules become
integrated with silica oligomers, forming an essential part of the
nanoparticle synthesis process. The mesoporous silica MCM-41
were formed via this process. A thorough investigation on the
formation and management of MCM-41 morphologies was
published by Cai et al.*” utilizing the cationic surfactant CTAB
as a template.

In both acidic and basic media, Boonamnuayvitaya et al.
investigated the effects of surfactant type and concentration.®
As cationic, anionic, and non-ionic surfactants, they employed
CTAB, sodium dodecyl sulphate (SDS), and Brij-56, respectively.
In acidic circumstances, a large surface area (1282 m* g~ ') was
produced utilizing CTAB as a template. With increasing
surfactant content, pore volume and average pore diameter

” )

Rod shaped SiNPs

) ¢

S 4

Core-shell MSNPs

Fig. 6 Various types of silica nanoparticles with different shape and surface morphology. Each nanoparticles exhibited unique properties which

can be used for specific applications.
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increased using CTAB as a template. The largest pore diameter
in basic medium was found in Brij-56 templated silica (14.4
nm). The results of utilizing Brij-56 as a pore-forming agent
followed the same general pattern as those shown with CTAB.
Because SDS bind together to form a mass when the SDS
content is increased, it is seen that the pore volume and average
pore diameter decrease with increasing SDS content.”®”*

The synthesis of MSNPs represents a remarkable intersec-
tion of science and engineering, yielding nanomaterials with
intricately designed pores and vast surface areas. The diverse
synthesis approaches explored in this section underscore the
dynamic nature of MSNPs, offering researchers the tools to
tailor these nanoparticles precisely for specific applications.

4.2 Synthesis of hollow sphere or core-shell SiNPs

The synthesis of hollow sphere and core-shell SiNPs marks
a significant advancement in nanomaterial engineering,
offering a unique and versatile platform for innovative appli-
cations. These specialized nanoparticles exhibit distinct struc-
tural characteristics that enable them to serve as dynamic
carriers, catalysts, or multifunctional platforms in various fields
of science and technology. In this section, we embark on
a comprehensive journey into the world of hollow sphere and
core-shell SiNPs synthesis, unraveling the ingenious tech-
niques that enable the creation of these complex nano-
structures. From carefully controlled etching processes to
precise encapsulation strategies, we explore the diverse array of
methods employed to craft these remarkable nanomaterials.

A subclass of SiNPs known as hollow SiNPs (HSNs) is created
when the core of core-shell of SiNPs is removed. The hollow
interior of the HSNs is sealed off from the surrounding air by
the silica shell.”» When compared to SiNPs, HSNs not only share
similar characteristics, but also benefit from the hollow inte-
rior, which gives them a wide inner cavity, low density,
improved optical performance, among other beneficial quali-
ties.”>”* A review on the synthesis of HSNs using the three
approaches of soft template, hard template, and dissolving and
reconstructing SiNPs to HSNs were elaborated by Lin et al.” Air
bubbles, surfactant micelles, and liquid droplets all serve as soft
templates in the synthesis of HSNs.”® EI-Said et al. effectively
synthesized various new Gemini surfactants with various tail
lengths and spacers that may create spherical micelles as soft
templates in order to achieve size control of HSNs.”” On the
proviso that the template is removed with an unbroken silica
shell, the hard template approach is frequently used in the
preparation of HSNs. Commonly, the silane coupling agent is
hydrolyzed and condensed in the Stdber sol-gel technique to
create HSNs. The major features of these HSNs are tunable size,
template creation, and removal. In 2020, Nakashima et al.
developed HSNs with diameters ranging from 10 nm to 21 nm
using polyacrylic acid (PAA) as an adaptable template.” The
performance of hollow silica materials with various morphol-
ogies and their recent advancements in template synthesis were
emphasized by Bao et al. in a variety of applications.” By using
polymer micelles as a template, Tao et al. were successful in
producing hollow silica nanostructures with controllable shape.

1206 | RSC Adv, 2024, 14, 197-11216
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As it is well known, altering the concentration or chemical
structure of the micellar template can alter its form.*® Based on
a template of CaCO; with various shapes, Yap Ang et al. created
spherical, cubic, and rod-like hollow SiNPs that were placed in
membranes. Membranes' hydrophilicity or hydrophilicity was
enhanced using hollow silica particles.®* The synthesis of
hollow sphere and core-shell SiNPs represents an exciting
frontier in nanomaterial innovation, promising tailored solu-
tions for a multitude of scientific and technological challenges.

4.3 Synthesis of functionalized SiNPs

The synthesis of functionalized SiNPs stands at the forefront of
nanomaterial science, bridging the divide between traditional
materials and cutting-edge nanotechnology. These nano-
particles, adorned with tailored functional groups, offer
a dynamic platform for customizing their properties and
applications across a multitude of fields. In this section, we
embark on a comprehensive exploration of the strategies and
methodologies employed to fabricate these versatile nano-
materials. From surface modification techniques to the incor-
poration of specific functionalities, we delve into the intricate
world of functionalized SiNPs, uncovering the transformative
potential they hold in areas ranging from targeted drug delivery
to advanced sensing technologies. This section not only illu-
minates the principles of synthesis but also highlights the
countless opportunities these nanomaterials present in shaping
the landscape of materials science and nanotechnology.

The most straightforward method for surface modification
of silica particles is a reaction with one of the numerous
alkoxysilanes or halosilanes that are commercially available. A
general strategy for functionalization is described in Fig. 7 and
several useful strategies are summarized in Table 2. Alkox-
ysilanes and halosilanes are offered by several chemical
companies, including Sigma Aldrich, Gelest, Strem Chemicals,
and many more. There are primarily two methods for func-
tionalization: co-condensation or post-synthetic grafting.®>*
The most common method for covalently grafting organic
functionalities onto the surface of SiNPs is post-synthetic
grafting. On the other hand, the co-condensation approach,
also known as the one-pot synthesis method, is a direct method
for synthesizing nanoparticles. In this method, tetraalkox-
ysilanes [(R'0),Si (TEOS or TMOS)] are co-condensed with the
appropriate terminal trialkoxyorganosilane (R'O);SiR (R’ is
commonly -Et, -Me, and R is an organic group). In a condensa-
tion reaction with the surface silanol groups, alkoxysilanes will
bind and create 1-3 Si-O-Si linkages. Alcohol groups can
similarly go under condensation and produce 1-3 Si-O-Si
linkages with surface silanol groups.** In the similar way,
anhydrous halosilanes directly interact with the surface silanol
groups and form Si-O-Si linkage via. condensation reaction.
Most typically, APTES, 3-mercaptopropyl trimethoxysilane
(MPTS), 3-isocyanatopropyltriethoxysilane® and other PEG-
silanes are used to functionalize nanoparticles. The first two
make it simple to combine linker chemistry with other
frequently used linking compounds, such as isothiocyanates,
maleimides, and molecules functionalized with #n-

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01047g

Open Access Article. Published on 08 April 2024. Downloaded on 1/20/2026 7:20:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

APTS/ EtOH

o

RT

View Article Online

RSC Advances

X

\
0—Si ™" "NH,

X
X= OEt or OH or OSi-

- R 0°C
Dry DMF / CHCI
041\0 ol “" 3
Y
X 0 n
0—si~Nr°r Nty
g Hl R
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hydroxysuccinide (NHS).*® To increase a nanoparticle's stability
in biological fluids, biocompatibility, and in vivo circulation
periods, pegylation is widely utilized.?”"**

There are a number of additional ways for APTES to adhere
to or associate with a silica surface, mostly through hydrogen
bonds, other non-covalent interactions, or vertical polymeriza-
tion. Furthermore, uniform amine modification of the silica
surface is often difficult due to the tendency of amino-
alkoxysilanes in solution to spontaneously polymerize.’***
Therefore, it is essential to carefully control reaction conditions
and the amount of APTES utilized to produce consistent amine
monolayers.®***

Electrostatic repulsion can be used by post-synthesis coat-
ings of SiNPs with amine-reactive moieties to increase colloidal
stability, although it should be emphasized that this stability
depends on other factors, such as pH. While the silica matrix is
negatively charged under physiological pH, amine groups on
the NP surface can be protonated (-NH;") positively charged.*

Table 2 Several important functionalization strategies for SiNPs

As aresult, the surface charge of the NP decreases, which causes
NP-NP repulsion to decrease and leads to aggregation. In
a significant work, Bagwe et al. demonstrated how negatively
charged “inert” phosphonate groups and “reactive” amine
groups can coexist on the surface of RuBpy-doped SiNPs to
lessen particle aggregation while still providing the reactive
sites required for later functionalization.”® Traditional
“monopodal” APTMS has also been compared to “bipodal” bis
amine[3-(triethoxysilyl) propyl], with the former producing
more colloidally stable amine-coated SiNPs.*”

The change in zeta potential, which often indicates the
success of amine modification but does not quantify the func-
tional groups surface density (essential for toxicological inves-
tigations because amine-modified materials might increase
cytotoxicity), is a sign of successful amine modification®
Quantitative techniques to precisely characterize the presence
of amine and other functional groups on the surface of SiNPs
include acid-base titration,” colorimetric or fluorescent

Functional group Chemicals used Advantage Ref.
Amine (-NH,) 3-Aminopropyltriethoxysilane (APTES) Amide bond formation 86
Isocyanate (-NCO) 3-Isocyanatopropyltriethoxysilane Coupled with -OH, -NH,, -SH functionalized compounds 80
Thiol (-SH) 3-Mercaptopropyl trimethoxy silane (MPTES) Coupled with maleimides 86
Hydrophilic -OH Polyethylene glycol (PEG) Increase stability in biological mixtures 87
Polymers Poly(methyl methacrylate) (PMMA) Increase the colloidal stability 90
Poly(N-isopropylacrylamide) Imparts thermo-responsivity 82
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reactions,'**'** thermogravimetric analysis,'®* or solution®*'**

or solid-state'®® NMR.

5. Methods of characterization

In the field of synthetic chemistry, characterizing materials or
products stands as a pivotal aspect in establishing the reliability
of the work. Particularly, in the case of SiNPs, researchers
employ various common characterization techniques to the
post-synthesis. Based on the study of Brownian motion, Nano-
particle Tracking Analysis (NTA) is one of the few techniques for
measuring and visualizing nanoparticles in suspension in the
range of 10-1000 nm. The surface of a dispersed particle in
a liquid medium is mostly coated with a thin layer of electric
dipoles. Given that this layer affects the particle's motion, the
so-called hydrodynamic particle diameter is measured using
dynamic light scattering (DLS). The DLS size is always greater
than the TEM size because of the solvent layer. Hence, more
detailed information about individual particle size and
morphology of SiNPs is obtained through imaging techniques
such as Field Emission Scanning Electron Microscopy (FESEM),
Transmission Electron Microscopy (TEM), and Scanning Elec-
tron Microscopy (SEM).

The surface charge and electrokinetic behavior are assessed
using zeta potential measurements, while Energy Dispersive X-
ray Spectroscopy (EDX) analysis provides insights into the % of
composition of the Si and O atoms and other impurities. To
gain a comprehensive understanding, Powder X-ray Diffraction
(XRD) analysis is employed to elucidate the material's texture,
and Fourier Transform Infrared Spectroscopy (FTIR) is utilized
to examine the bonding nature (specifically Si-O-Si bonds) and
the presence of functional groups on the surface-modified
SiNPs. In XRD analysis, the amorphous nature of SiNPs is
confirmed by observing the maximum intensity at 20 = 22°.
Peaks at 21.8, 36, 40.3, 42.6, 46.7, 48.7, 53.9, 56.9, 61, 65.2, and
79° were connected to the (100), (110), (111), (200), (201), (112),
(202), (210), (211), (300), and (213) planes, respectively, in the
crystalline SiO, XRD. These peaks are the identification of
Crystalline-SiO,, as shown by the JCPD card (00-046-1045).” In
FTIR analysis, distinctive bands at 1058, 803, and 457 cm™ " are
attributed to Si-O-Si asymmetric stretching, symmetric
stretching, and bending vibrations, respectively. The band at
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3422 cm ™' is associated with a hydrogen-bonded Si-OH
stretching vibration.'”® The silica particles are highly hygro-
scopic, according to FTIR measurements. A further identified
peak in the infrared spectrum, located at 1635 cm ™%, is ascribed
to Si-H,O flexing.'” Furthermore, the surface area and pore size
of MSNPs are quantified using BET adsorption isotherm, where
nitrogen adsorption is measured. Thermal stability analysis is
carried out through Thermogravimetric (TG) analysis to assess
the stability of functionalized groups on the SiNPs.''® Fig. 8
shows some of the important characterization data obtained
from the literature.

6. Major applications of SiNPs
6.1 Biomedical application

Over the past two decades, there has been a notable emphasis
among scientists on leveraging the advantageous physico-
chemical properties of nanoparticles in biological research. The
objective has been to enhance traditional immunoanalytical
methods by harnessing nanoparticles’ capabilities to enhance
signal-to-noise ratios, reduce detection limits, heighten sensi-
tivity, and decrease analysis time. Among the diverse array of
nanomaterials available, silica particles have emerged as
a leading material in this domain. This prominence is attrib-
uted to their predictable and adaptable chemistry, minimal
cytotoxicity, and generous surface area, all of which facilitate
various surface modifications and functionalization tech-
niques. These attributes render silica particles highly suitable
for a broad spectrum of biological applications.

Within the realm of nanomaterials, the term “bio-
conjugation” pertains to the process of linking biomolecules
(such as proteins, enzymes, oligonucleotides, etc.) to nano-
particle surfaces, thereby creating bio-modified surfaces crucial
for in vivo drug delivery (Fig. 9). Nevertheless, the effectiveness
of utilizing nanoparticles functionalized with targeting moieties
remains a subject of ongoing debate."™ The process of synthe-
sizing nanoparticles (NPs) with functionally active proteins on
their surfaces has proven to be more challenging than initially
expected, presenting unanticipated obstacles for researchers in
this field. Bioconjugation employs two main approaches for this
purpose: passive absorption and covalent attachment."> The
protein layers encasing the nanoparticle (NP) surface are bound
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Fig.9 Figure showing the biomedical application of SiNPs as a potential drug-delivery agents. Internalization of FITC-SiNPs nanoparticles within
Hela fixed, stained with the nuclear marker DRAQS (blue) and the membrane marker TMR-WGA (red); (a) untreated and treated with (b) 70 nm (c)

200 nm and (d) 500 nm SiNPs.*?¢ Copyright © 2011, Springer.

through passive adsorption, a straightforward, cost-effective,
and efficient method. Vertegel and her team also explored
how the size of the particles influenced the structure and
function of proteins adhered to SiNPs, examining sizes of 4 nm,
20 nm, and 100 nm."* Similar trends were seen in the adsorp-
tion of cytochrome C to SiNPs of various sizes."** Local pH
affects a protein's isoelectric point, which in turn affects its
electrostatic interactions with the NP surface and may ulti-
mately lead to biomolecule desorption.”®> Covalent bond
formation, which is often aided by a linker molecule, is the
approach that is most frequently employed to functionalize
SiNPs with biomolecules.®*"** Linkers are typically utilized to
bind to particular antibody amino acid residues. For instance,
the total number of lysine residues in an IgG biomolecule is
~83,"” and these primary amines can serve as covalent
attachment sites when combined with the chemistry of ethyl(-
dimethylaminopropyl) carbodiimide (EDC) and N-hydrox-
ysuccinimide (NHS).°*'*® An increasingly common method of
bioconjugation is “click” chemistry, which involves highly effi-
cient and stereospecific reactions. Due to their high binding

© 2024 The Author(s). Published by the Royal Society of Chemistry

efficiencies, “click” reactions for bioconjugation provide the
potential to utilize less antibody per reaction than standard
EDC/NHS methods.'® Several frequently used organic dyes,
including cyanine,’”® rhodamine,”* and fluorescein,”* can be
covalently attached on the particle surface or inside the particle
core. As labels in an electrochemiluminescent sensor for the
detection of prostate-specific antigen, Rusling and colleagues
used Ru(bpy)-doped SiNPs made via the reverse microemulsion
process.’” The capacity to detect Salmonella pullorum using
45 nm SiNPs doped with C.I. Reactive Blue 21 has been
demonstrated by Sun and colleagues.*** Later, with a total assay
time of one hour, this work was expanded to detect Salmonella
pullorum and Salmonella gallinarum in powdered milk
samples.’*

A significant milestone under this development is the use of
designed nanostructures for the targeted drug delivery to
patients using SiNPs.”” The SiNP can be used as a potential
carrier for hydrophobic drugs. Hydrophobic drugs have lower
adsorption capacity when taken orally as compared to other
drugs. These hydrophobic drugs can be conjugated with

RSC Adv, 2024, 14, 11197-11216 | 11209
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negatively charged silica nanoparticles and the adsorption
capacity was found to be improved significantly during oral
does.”®* Furthermore, these nanoparticles’ high loading effi-
ciency is due to their biocompatibility and potential for func-
tional group modification.’® SiNPs were utilized by Zhang
et al.™" to transport the hydrophobic medication Telmisartan. It
was discovered that SiNPs also increase the drug's permeability.
Similarly, cancer treatment and colloidal delivery of therapeutic
compounds to tumor sites via blood have received the majority
of attention in drug delivery applications using SiNPs.
Mashayekhi et al. and Elbialyl et al. demonstrated a notable
enhancement in the functioning of curcumin (an anticancer
medication) when conjugated with SiNPs.’**'** For instance,
Roy et al. synthesized doxorubicin-loaded ORMOSILs with
diameters of 30, 50, and 80 nm by utilizing an oil-in-water
microemulsion to prepare vinyltriethoxysilane as an NP
precursor. The 50 nm NPs were demonstrated to have optimum
drug release to pancreatic MiaPaCa-2 cells give details (MIA
PaCa-2 is an epithelial cell line that from tumor tissue of the
pancreas) over a 2 weeks timeframe, while the NPs were
declared non-toxic.'** Munoz et al. investigated the character-
istics of MSNPs as Ibuprofen transporters for hydrophobic
drugs. Ibuprofen's carboxylic acid group and the silanol groups
in the silica matrix were shown to interact with each other,
according to the authors, leading to interactions between the
cargo Ibuprofen molecules and the SiNPs.'*® Camptothecin
(CPT) and paclitaxel (Taxol), two hydrophobic anti-cancer
medicines, were examined as potential candidates for delivery
through non-gated MSNPs to human cancer cells by Lu et al.
According to reports, the MSNPs carry anticancer medications
into human xenografts in mice and inhibit tumor growth.**®

6.2 Environmental application

Due to the substantial negative impacts of heavy metals on both
human health and the environment, the removal of these
pollutants from water sources stands as a top priority. An
essential goal in addressing this challenge involves harnessing
the mesoporous nature of silica materials. This structural
characteristic results in a considerable expansion of their
surface area, which, in turn, enables a more substantial
attachment of functional groups. This improved functionaliza-
tion holds the promise of increasing the adsorption capacity of
silica materials for binding metal ions. Making use of the
benefits offered by mesoporous structures greatly amplifies the
efficiency and effectiveness in the removal of heavy metals from
water. In a specific application, Jang and colleagues, in 2020,
synthesized amino-functionalized MSNPs using the Stober
method for the purpose of adsorbing Cr(vi) ions from aqueous
37 Mesoporous Organosilica Nanoparticles
(MONSs) have been applied to the adsorption of various targets.
In 2019, Yang et al. developed ferrocene-incorporated MONSs for
Pb** adsorption; the results showed that MONS is superior Pb**
absorbents when compared to ferrocene surface modified
MSNs.**® There has been a lot of focus on the treatment of
wastewater containing dyestuffs. Surface silanol groups and
other functional entities formed complexes with dyes, or

environments.
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interactions including hydrogen bonding, electrostatic attrac-
tion, and hydrophobic forces between SiNPs and the dyes were
employed for dye removal. In 2018, Lu and colleagues devised
a straightforward one-step method to create MSNss for effectively
eliminating various cationic dyes (such as rhodamine B,
methylene blue, methyl violet, malachite green, and basic
fuchsin) from aqueous solutions."** Recently, TEOS, APTES, and
N-isopropylacrylamide co-vinyltrimethoxysilane based micro-
gels were used to create smart amine-functionalized MSNs
using sol-gel techniques. Sabeela et al. demonstrate effective
experimental adsorption capacity removal of Coomassie blue
(CB-R250) from wastewater."*® In a recent study in this field,
researchers led by El-Gazzar et al. employed rice husk for the
biosynthesis of SiNPs. They utilized Trichoderma harzianum
MF780864 to initiate the formation of these particles, which
were subsequently employed for the removal of lead (Pb) from

water."*!

6.3 Industrial and agricultural application

SiNPs find extensive industrial and agricultural applications
due to their unique properties and versatility. Here are some
notable examples:

(a) Industrial coatings: SiNPs are utilized in industrial coat-
ings to enhance scratch resistance, durability, and mechanical
properties. They improve the adhesion and hardness of coat-
ings, making them ideal for applications in automotive, aero-
space, and other industrial sectors.**

(b) Carrier for catalysts or catalysis: SiNPs serve as supports
or carriers for catalysts in various chemical reactions. Their
high surface area and tunable porosity provide an excellent
platform for catalyst immobilization, increasing reaction effi-
ciency and selectivity in processes such as petroleum refining
and chemical synthesis."*

(c) Agriculture: SiNPs are used in agriculture for soil
improvement and crop protection. They can be incorporated
into fertilizers to release nutrients gradually and improve
nutrient uptake by plants. Additionally, SiNPs are employed as
crop protectants, acting as carriers for agrochemicals and
enhancing their targeted delivery to pests or diseases
(Fig. 10)."*

(d) Food and beverage industry: SiNPs are utilized as food
additives to improve stability, texture, and absorption of flavors
or aromas. They find application as anticaking agents in
powdered products, clarifying agents in beverages, and carriers
for food encapsulation and controlled release of ingredients.'**

(e) Energy Storage: SiNPs are employed in energy storage
systems, particularly in lithium-ion batteries. They enhance
battery performance by providing stable electrode structures,
improving charge/discharge rates, and increasing overall energy
storage capacity.'**'*

(f) Water filtration: Functionalized-SiNPs are used in water
treatment processes for the removal of environment contami-
nants. The high surface area and adsorption capacity make this
particle effective adsorbents for heavy metals, organic pollut-
ants, and other contaminants present in water sources.**®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Figure shows the utility of SiNPs in agriculture. These nanoparticles can be used as a carrier for fertilizers, alternative to pesticides,
sensors, and overall, this helps to improve soil quality.*** Copyright © 2019, Springer.

(g) Personal care products: SiNPs are used in cosmetics and
personal care products. They contribute to the formulation of
sunscreens, skincare products, and hair care items, providing
properties like UV protection, improved texture, and controlled
release of active ingredients.'*’

These examples represent a fraction of the various range of
industrial and agricultural applications of SiNPs. The vast areas
of application are summarized in Table 3. Ongoing research
and technological advancements continue to uncover new
possibilities for applying these nanoparticles across several
areas, driving innovation and enhancing product performance
in many fields.

7. Industrial market value of SiNPs

The projected growth of nano silica is expected to reach ~$9
billion in 2031. The wide range of usage of nano silica in many

© 2024 The Author(s). Published by the Royal Society of Chemistry

industries such as concrete, rubber, plastics, electronics,
healthcare, coating, agriculture etc. make this industry grow
rapidly in the coming years. Because of cementitious properties,
nano silica is considered to be an extremely useful in concrete
and rubber industry. Nano silica or SiNPs is used an additive
material in ethylene acrylic rubber, silicon rubber, nitrile
rubber styrene butadiene rubber and in natural rubber also. It
can increase the tensile strength of the rubbers. In addition,
this material can improve the durability and mechanical prop-
erties of cements, rubber and paints.

In healthcare, SiNPs find applications in drug delivery
systems, diagnostics, and therapeutics. Their large surface area
and tunable properties enable efficient drug loading, controlled
release, and targeted delivery, revolutionizing the field of
personalized medicine.

SiNPs also play a crucial role in energy-related applications.
They are used as catalyst supports in heterogeneous catalysis,

RSC Adv, 2024, 14, M97-11216 | 1121
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Table 3 Application of silica nanoparticles in various areas
Application area Reference
Ru(bpy)-doped SiNPs Electrochemiluminescent sensor for the 123
detection of prostate-specific antigen
45 nm SiNPs doped with C.I. Reactive blue 21 Detect Salmonella pullorum and Salmonella 124 and 125
gallinarum in powdered milk samples
Doxorubicin-loaded ORMOSILs Drug release to pancreatic MiaPaCa-2 cells 134
Curcumin conjugated with SNPs Anticancer medication 132 and 133
MSNPs Ibuprofen transporters for hydrophobic drugs 135
MSNPs Camptothecin (CPT) and paclitaxel (Taxol), two 126
hydrophobic anti-cancer medicines delivery
Amino-functionalized MSNPs Adsorption of Cr(vi) ions from aqueous 137
environments
MSNPs Removal of cationic dyes (rhodamine B, 139
methylene blue, methyl violet, malachite green,
and basic fuchsin) from aqueous solutions
Amino-functionalized MSNPs Removal of Coomassie blue (CB-R250) from 140
wastewater
Rice husk to biosynthesize SiNPs Removal of Pb from water 141
Silica nanoparticles Industrial coating 142
Catalyst 143
Nano silica fertilizer 144
Food and beverages 145
Energy storage 137
Personal care 149

enhancing efficiency in chemical processes and fuel cells.
Additionally, SiNPs are utilized in energy storage systems,
including lithium-ion batteries and supercapacitors, due to
their high surface area and stability.

Many major industries, namely, Evonik industries,
Akzonobel N.V., Dow Corning Corporation, Fuso Chemical Co.
Ltd, Wacker Chemie AG, Bee Chems and many more play
a major role to produce and supply nano silica to meet the
global demand. Rapid growth in the construction activities in
Asia pacific countries like India and China, contributed
a massive demand in nano silica market. The toxicity associated
with SiNPs sometimes hinders the growth of the materials.
Thus, alternative greener and cheaper approach could be
a massive success in this area.”**** The industrial market value
of SiNPs is expected to continue its upward trajectory as
advancements in synthesis methods, surface modifications,
and functionalization techniques enable tailored properties for
specific applications. With ongoing research and development,
SiNPs hold promise for further innovation and growth across
multiple industries, driving their market value to new heights.

8. Future perspectives and
conclusion

Silica nanoparticles have already found a significant spot in the
nanotechnology market. Some of the unique properties like
size-tunability, non-toxicity, pore size, biocompatibility, func-
tionalization etc. make this nanoparticle an obvious alternative
in many applications. SiNPs are widely used in biomedical
applications, catalytic reactions, agriculture, the food industry,
and more. Different types of silica nanoparticles e.g. meso-
porous SiNPs, core-shell SiNPs offer a significant advantage in

1212 | RSC Adv, 2024, 14, M97-11216

various applications due to its high surface area. Historically,
Stober introduced this particle using a simple sol-gel process.
Many advancements in the synthetic procedure are reported in
the literature. While the conventional synthesis route, following
the Stober method, has shown promising success, the use of
harmful organic chemicals poses environmental concerns and
increases material costs. Therefore, it is crucial to adopt safer
and greener approaches to overcome these issues. To overcome
this, various green methods including modified Stober method
using alternative base and electrolytes reduced the amount of
harsh organic solvent significantly. Alternative basic catalysts
during synthesis also have significantly reduced process time,
and the use of microorganisms has enabled the production of
highly homogeneous SiNPs without the need for expensive
purification steps. Substantial progress has been made in
producing SiNPs using alternative sources, such as agricultural
waste materials, which addresses additional environmental
concerns. However, these methods require further research to
establish scalable solutions for the market. An electrolyte-based
approach has emerged as a greener alternative, reducing the
reliance on organic solvents. On the other hand, exploring
alternative chemicals or green solvents like ionic liquids holds
promise in this regard.

After a thorough literature survey, it is evident that more
extensive research is needed in this field to establish a truly
environmentally friendly approach that can be universally
adopted. The authors highlight a few key insights for future
research:

(a) Further exploration of electrolytes to better understand
their role in the synthesis process and reduce the concentration
of organic solvents.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(b) Examination of alternative naturally available bases/acids
for greener synthesis routes.

(c) Optimization of methods to easily obtain desired nano-
particle sizes by adjusting physical conditions such as temper-
ature, pH, or pressure.

(d) Extensive research on utilizing agricultural waste for
energetically favorable alternative routes.

By addressing these insights and pursuing further research,
the development of environmentally sustainable synthesis
methods for SiNPs can be advanced, contributing to their
widespread application in various industries.
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