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Biomedical applications of dendritic fibrous
nanosilica (DFNS): recent progress and challenges
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Dendritic fibrous nanosilica (DFNS), with multi-component and hierarchically complex structures, has

recently been receiving significant attention in various fields of nano-biomedicine. DFNS is an emerging
class of mesoporous nanoparticles that has attracted great interest due to unique structures such as
open three-dimensional dendritic superstructures with large pore channels and highly accessible internal

surface areas. This overview aims to study the application of DFNS towards biomedical investigations.

This review is divided into four main sections. Sections 1-3 are related to the synthesis and
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characterization of DFNS. The biomedical potential of DFNS, such as cell therapy, gene therapy, immune

therapy, drug delivery, imaging, photothermal therapy, bioanalysis, biocatalysis, and tissue engineering, is
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1. Introduction

Scientists have been continuously trying to find new ways to
serve the needs of medical science. Nanotechnology provides
the ability to manipulate the structure of materials on the
atomic and molecular scale to produce new materials with new
features that can afford solutions to some medical challenges.*
Recently, the development of structures of mesoporous
nanomaterials has attracted attention in biomedical fields
such as diagnostics, treatment, drug delivery and bio-
analysis.>* Numerous nano-biomedical studies have been
conducted on nanocomposites such as liposomes, polymers,
nanoparticles, dendrimers, nano-micelles, nanogels, exo-
somes, magnetic nanoparticles (MNPs), mesoporous silica
nanoparticles (MSNs), carbon nanotubes, and gold nano-
particles.>” Among these, a new generation of mesoporous
nanomaterials, such as dendritic fibrous silica nanoparticles
(DFSN), has received biomedical attention due to their special
structural properties and intrinsic silica features. These
features include easy synthesis, adjustable and uniform pore
sizes, tunable particle sizes, unique large surface areas, great
permeability, high-level pore volumes, low density, high
thermal stability, great mechanical stability, highly selective
functionalization of the pore surface or particle surface, low
range of toxicity, and perfect biocompatibility.*® There are
several types of mesoporous nanoparticles, including
dendritic fibrous nanosilica (DFNS) particles, MCM-41 (Mobil
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discussed based on advantages and limitations. Finally, the perspectives and challenges in terms of
controlled synthesis and potential nano-biomedical applications towards future studies are discussed.

Composite Material), SBA-15 (Santa Barbara Amorphous),
Stober silica, mesosphere silica nanoparticles (MSNP), all of
which have some advantages and disadvantages in nano-
medicine application. Table 1 compares the physicochemical
properties and cytotoxicities of different types of mesoporous
nanoparticles.™* DFNS are fibrous spheres with higher
temperature stability and smaller pore size, pore volume and
size as compared to other mesoporous nanoparticles; cyto-
toxicity studies have shown that they have low toxicity."***
These properties allow them to be suitable in various nano-
medical fields such as therapy, pharmacy, bioanalysis,
imaging, biocatalysis and biotechnology. In recent years,
several types of DFNS have been introduced for nano-
biomedical applications due to their special structures.
These include dendritic mesoporous silica nanoparticles
(DMSNs),***”  fibrous  mesoporous  silica  micro-
spheres(FMSMs),"® wrinkled silica nanoparticles (WSNs),°
wrinkled silica nanospheres (WSNs),?® wrinkled mesoporous
silica (WMS),**>* wrinkled mesoporous silica nanoparticles
(WMSNs),??* radial-like mesoporous silica (RMS),>*?¢ fibrous
silicon dioxide spheres (FSSs),”” fibrous silica nanoparticles or
nanospheres (FSNs),>**® dendrimer-like mesoporous silica
nanoparticles with hierarchical pores (HPSNs),** hierarchical
and radial mesoporous (HRM),**> hierarchically structured
spherical mesoporous nanofibrous (HSMNFs),** wrinkle-
structured periodic mesoporous organosilica (PMO),**** and
mesostructured silica nanoparticles (MSNs).*® The history of
DFNS exploration indicates that novel DFNS or KCC-1 was
introduced by Polshettiwar et al. at KAUST (King Abdullah
University of Science and Technology) Catalysis Center. They
named it KCC-1 according to the acronym of their institu-
tion.*” Compared to other mesoporous silica nanocarriers,
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Table 1 A comparison of the physicochemical properties and cytotoxicities of DFNS, MCM-41, SBA-15, Stober silica and MSN

DFNS

MCM-41

Name

Pore structure

TEM

Pore sizes (nm) 3-25 30

Pore volume (cm® g7%)  0.54-2.18 0.7-1.2
Thermal stability (°C) 950 707
Particle size (nm) 14-1110 Bulk (um)
Cytotoxic potential Low Low

dendritic fibrous silica nanoparticles (DFSNs) with pore size
ranging from 2 to 30 nm are perfect candidates for drug
delivery and biomedical applications.*® The fibrous surface of
DFNS allows them to be easily loaded with several ranges of
organic groups, organometallic complex ionic liquids, poly-
mers, peptides, enzymes, DNA, genes, drugs, etc."” They can
also interact with metal nanoparticles, bimetallic nano-
particles, as well as with single atoms of metals, quantum
dots, metal oxides and hydroxides. These unique properties of
DFNS allow them to be useful in a variety of applications such
as catalysis,*®*?*® biomedical fields,* analysis,** industrial
fields** as adsorbents for water and air treatment,*>** energy
storage," etc. Therefore, in this review, we have probed the
spherical shape of DFNS with tunable particle sizes ranging
from 14 to 1100 nm, their fibrous structure, which provides
better accessibility to the DFNS surface, and their open
structure and accessibility, which also permit the high loading
of active molecules that make them suitable for use in
biomedical fields. The toxicity studies of DFNS were conducted
in animals but clinical trials have not been done to date.* We
also introduce DFNS as new nanocomposites with expanded
biomedical applications. There are four main sections.
Sections 1-3 are related to the synthesis and characterization
of DFNS. In Section 4, the biomedical potential of DFNS, such
as cell therapy, gene therapy, immune therapy, drug delivery,
imaging, photothermal therapy, bioanalysis, biocatalysts, and
tissue engineering, is discussed based on the advantages and
limitations. Finally, perspectives and challenges in terms of
the controlled synthesis and potential nano-biomedical
applications towards future studies are discussed.

2. Synthesis of DFNS

2.1. Hydrothermal synthesis

Hydrothermal synthesis involves the essential techniques of
crystallizing substances from high-temperature aqueous

This journal is © The Royal Society of Chemistry 2020

SBA-15 Stober silica

5-50 1.2-5.9 2.88-9.92
0.75-1.15 0.017-0.217 0.85-0.95
600 NA NA

Bulk (um) 20-3000 78-443
Low High Low

solutions at high vapor pressures, mostly used for the fabri-
cation of silicone monomers on the surface of NPs. On the
other hand, this method is used for growing crystals of many
different materials such as quartz, malachite, etc. This tech-
nique has also been used to grow dislocation-free single crystal
particles, and the grains formed in this process could have
better crystallinity than those from other processes.*® The
process was based on minerals dissolving at high tempera-
tures and pressures in water and subsequently crystallizing
from dissolved materials.** Polshettiwar et al. succeeded in
synthesizing DFNS in their laboratory (KAUST Catalysis Center
(KCC-1)), which were named KCC-1. Fig. 1 shows the stages of
the synthesis of DFNS. KCC-1 was prepared using the
microwave-assisted hydrothermal technique in a short time.
Firstly, 0.012 mol solution of tetraethyl orthosilicate (TEOS)
was dissolved in 30 ml solution of cyclohexane and 1.5 ml of
pentanol. Then, another solution containing 0.0026 mol of
cetyl pyridinium bromide (CPB) and 0.01 mol of urea in 30 ml
of water was added to the first solution. This mixture was
stirred for 30 min at 25 °C, and was placed in a teflon-sealed
microwave (MW) reactor. The reaction mixture was exposed
to MW irradiation (400 W maximum power) at 120 °C for
240 min. When the reaction was complete, the mixture was
allowed to cool at room temperature and the silica formed was
separated by centrifugation, then washed with distilled water
and acetone, and air-dried for 24 h. The obtained material was
calcined at 550 °C for 360 min in air.*” Another synthesis
protocol was introduced in 2019 by Polshettiwar et al.,, who
showed that the previous protocol had some limitations.
According to them, increasing the size above 800 nm via the
previous method is not possible, and some materials such as
metal oxides and carbon 30 having DFNS morphology cannot
be synthesized using this method so some experimental
conditions such as co-surfactant and reaction conditions
should be modified.*”
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Fig. 1 Graphic illustration of DFNS synthesis.

2.2. Microemulsions

Microemulsions contain isotropic liquid mixtures of water,
oil, surfactant, and co-surfactant, which were first reported
by Hoar et al. In microemulsions, the surfactant molecules
align themselves to form spherical aggregates in the
continuous phase. This method, including water-in-oil (w/o)
microemulsions, or reverse micelles, was used for the
preparation of ultrafine silica NPs. The silica NPs were
developed inside the water droplets of a w/o microencapsu-
lation, catalyzed by the base-assisted hydrolysis of silicon

.

alkoxide. The major disadvantage reported in this approach
is the high cost and difficulty in the removal of surfactants in
the final products. Jin-Lee et al. showed that in the first
stage, cetyl pyridinium bromide and urea were dissolved in
water, then cyclohexane and iso-propanol were added to the
solution. Next, TEOS was added dropwise to the mixed
solution. After that, the obtained solution was heated to
70 °C for 16 h. In the final stage, the obtained NPs were
washed with ethanol until the surfactants were removed
from the surface of the NPs.**

Table 2 A comparison of the different conditions used for the preparation of DFSN

Particle size ~ Reaction
Surfactant Si-Precursor  Solvent Cosurfactant Base (nm) condition Ref.
CTAB or CPB  TEOS’ Water : cyclohexane 1-Pentanol Urea 90-120 120°C,4 h 37 and 122
CPB TEOS Water : cyclohexane Isopropanol Urea 50-500 70°C,16-20 h 32 and 49
or n-butanol
CTAB* TEOS Water : toluene n-Butanol Urea 50-500 120°C,4 h 136
CTAT? TEOS Water None Organic amines <200 80°C,2h 48
CTAT TEOS Water [BMIM] OTF Triethanolamine 40-100 80°C,3h 50
CPB° TEOS Water : cyclohexane Urea Urea 200-500 120 °C,20 h 52
CTAC? TEOS Water : 1-octadecene  Triethanolamine  Triethanolamine 180 60 °C, 12 h 137
CTAB TEOS Water : ethylether Ethanol Aqueous ammonia  100-320 20°C,4h 138
CTAB TEOS Water : octane Ethanol Lysine, AIBA 40-50 70°C,20 h 51
and styrene
CPB TEOS Water/cyclohexane 1-Pentanol Urea 14.78 120°C,6 h 53

“ Cetyltrimethyl ammonium bromide. ? Cetyltrimethyl ammonium tosylate. ¢ Cetylpyridinium bromide. ¢ Cetyltrimethylammonium chloride.
¢ Tetra ethyl ortho silicate./ 2,2’-Azobis(2-methylpropionamidine) dihydrochloride. ¢ 1-Butyl-3-methylimidazolium trifluoro-methanesulfonate.
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2.3. Sol-gel method

The sol-gel method is a wet-chemical technique that is widely
explored for the synthesis of silica NPs with uniform size.***>*’
In the coating process, it involves the hydrolysis and conden-
sation of TEOS or inorganic salts such as sodium silicate
(Na,SiO3) in the presence of a mineral acid or base as the
catalyst, or under alkaline conditions in ethanol solution.*
Zhang et al. illustrated the preparation DFNS by the sol-gel
method. In the first stage, tetraethyl orthosilicate (TEOS) and
cetyltrimethylammonium tosylate (CTA") were dissolved in
water. Then, the reaction was carried out at 80 °C for 2 h, then
the obtained NPs were filtered and dried.*

2.4. Optimized conditions for the synthesis of DFNS

Several studies have been done for optimizing the synthesis
protocol of DFNS. Table 2 compares the different conditions
used for the preparation of DFNS with various sizes and textural
properties by changing some reaction parameters. It has been
found that precise control over the size, shape, and surface
properties could be achieved by varying the reaction parame-
ters, such as pH, temperature, and surfactant chemical nature,
and controlling the condensation of the silica source. Table 2
also shows the type of surfactant and solvent used in the
chemical reaction; the co-surfactant and reaction conditions are
important parameters that can impact the size of the DFNS and
inter-wrinkle distances by controlling them to process different
sizes of DFNS. The particle size and inter-wrinkle distances are
two main characterization parameters of DFNS for obtaining
suitable types in biomedical studies. For example, Moon and
Lee succeeded in synthesizing DFNS with smaller size (50-500
nm) by using isopropanol or n-butanol as the co-surfactant and
increasing the time of reaction in the microemulsion model.***®
Another parameter illustrated the use of organic amine (instead
of urea) and cetyltrimethylammonium (CTA") tosylate and
bromide as templates to make DFNS with size <200 nm.**
Following this study, small-sized DFNS (<50 nm) was also
synthesized by using nonionic surfactants like 1-butyl-3-
methylimidazolium trifluoromethane sulfonate ((BMIM] OTF),
or pluronic F127, which can stop the growth size of silica
particles.>® Experimental data showed that using a cationic base
such as lysine instead of urea and ethanol as co-surfactants
made very small DFNS with size of 14 nm.** On the other
hand, for making large-sized DFNS, it is better to use cationic
surfactants like CPB and non-ionic co-surfactants like urea.**
This study showed that increasing the temperature and reaction
time could produce DFNS with small size of approximately
14 nm.*

3. Characterization techniques

Different techniques have been the main methods for the
characterization of DNFSs. For instance, to verify the synthesis
of silica NP-based mesoporous materials, we can use Fourier
transform infrared spectroscopy (FTIR),** X-ray diffraction
(XRD) analysis,” transmission electron microscopy (TEM),*®
scanning electron microscopy (SEM),*” atomic force microscopy

This journal is © The Royal Society of Chemistry 2020
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(AFM), Brunauer-Emmett-Teller (BET) analysis,”” dynamic light
scattering (DLS),*” thermogravimetric analysis (TGA),”® X-ray
photoelectron spectroscopy (XPS),*® energy-dispersive X-ray
fluorescence spectroscopy (ED-XRF),>* vibrating sample
magnetometer (VSM),”>* solid-state 13C CPMAS,** and 29Si
CPMAS NMR spectroscopy.”** The functional groups of nano-
composites can be identified by FTIR, and XRD (used for the
determination of the crystalline structure and the phase purity
of modified silica NPs). SEM, DLS, TEM, and AFM techniques
are used to check the size, size distribution and morphology of
the NPS. By utilizing more sophisticated microscopy tech-
niques, surface images can be constructed via a physical probe
that scans the specimen in order to view the chemical compo-
sition near the surface of the nanocomposites. TGA is used for
measuring the thermal stability of the monomers and coating
the surface of the nanomaterial, the moisture content and the
possible decomposition of volatile materials in the nano-
structured catalysts. XPS is a surface-sensitive quantitative
spectroscopy technique that measures the elemental composi-
tion in the range of parts per thousand, and also helps to
determine the oxidation state and chemical connectivity of the
metal present in the nanomaterial. The metal present in the
heterogeneous catalyst can be detected via ED-XRF, and the
magnetic proration of NPs is assessed by VSM. Solid-state NMR
spectroscopy is used to verify the covalent grafting of organic
functionalities onto silica NP surfaces, and BET analysis is used
to investigate the surface, pore size, and pore volume of DFNS.*

4. Functionalization of DFNS for
tumor targeting purposes

The surface of DFNS is a main factor that directly affects the
interaction of the DFNS with tumor cells. DFNS has been
applied in the biomedical and pharmaceutical fields in target
therapy and drug delivery. The DFNS have special shapes that
allow them to easily interact with damaged cells. For instance,
the DFNS surfaces have large amounts of (Si-OH) groups that
allow covalent conjugation with various types of functional
groups, including carboxylates, amines, amines/phosphonates,
polyethylene glycol, octadecyl, and carboxylate/octadecyl
groups.® The solubility of the drug in biological environments
is also an important factor in drug delivery. The shape of DFNS
allows them to release highly water-soluble anticancer drugs in
aqueous biological media. On the other hand, when the drugs
have hydrophobic properties, the DFNS provide control over the
drug release in aqueous surroundings, releasing the drug in
contact with hydrophobic media. The functional groups on the
surface of DFNS can be made to specifically target the DFNS
with targeting ligands to mediate the internalization of DFNS
into the cells. The greatest advantage of DFNS, other than being
mesoporous nanoparticles, is the high loading capacity of the
drug, which makes them suitable for tumor therapy. The blood
circulation time and the ability of the DFNS to overcome bio-
logical barriers make them effective for targeting. Some prop-
erties such as size, shape, surface charge, and the composition
of the DFNS will affect the penetration, tissue accumulation and

RSC Adv, 2020, 10, 3716-37133 | 37119
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cellular uptake. The studied articles illustrated that the best size
for DFNS to enter tissues is less than 400 nm; DFNS with a larger
size than 400 nm cannot diffuse into the tumor in sufficient
quantities to get the therapeutic effect.*

5. Biosafety study of DFNS

The toxicity of nanomaterials is a major concern in terms of in
vivo and clinical applications. Developed NSs should possess
preferred efficacy with no/trivial undesired biological functions.
While there is no common agreement on the safety of silica-
based materials, the toxicity of these types of nanomaterials
should be deeply investigated prior to their use in the clinic.
Indeed, the size, surface properties and morphology of MSNs
are the main important contributing factors that may have
significant effects on the biocompatibility and biosafety of
DFNS. Some cytotoxicity assessments have shown that the
smaller the size of the DFNS, the greater the toxicity would be.
Altogether, the smaller DFNS at higher concentrations may
induce greater cell damage and elicit profound hemolytic
effects, in large part due to the enhanced uptake as compared to
the larger DFNS. The in vitro evaluation of DFNS toxicity showed
that the larger DFNS can easily escape from the endo/lysosomal
compartments. Despite these findings, a shared vision
regarding the biosafety of DFNS should be reached among
scientists in terms of their size effects. The pore size of DFNS
may also have direct impacts on their toxicity and hemolytic
activity. Accordingly, various studies have been conducted,
showing that the smaller the pore size, the greater the hemolytic
activity. This phenomenon may happen due to the fewer inter-
actions of the silanol groups of DFNS with greater pore size with
RBCs, as compared to nonporous particles. Of note, DFNS-
based DDSs show slow biodegradability of inorganic mate-
rials, which might limit the applications of MSNs-based
systems, particularly in terms of the matrix degradation-
related release of loaded anticancer agents. It has been shown
that by inserting functional organosilica groups into the
framework of mesoporous silica, the degradation of the meso-
porous silica can be accelerated by external stimuli. In a study
directed by Shao et al, dual-responsive and biodegradable
diselenide-bridged DFNS were fabricated for protein delivery in
cancer therapy. They capitalized on the diselenide-bond-
containing organosilica precursor for the synthesis of organo-
bridged DFNS loaded with ribonuclease A (RNase A). The
surface of RNase A-loaded DFNS was subsequently coated with
cancer cell membranes (CM) to supply cancer targeting and
immune-evasion ability. The results showed that the NS can
release its cargo through a matrix degradation mechanism in
response to the oxidative/redox conditions in TME.

The surface properties of DFNS are another factor that can
directly affect their biosafety. Although the positive charge of the
DFNS surface causes an enhanced uptake, it can definitely
increase the cytotoxicity and biological damage as compared to
anionic/neutral particles. Some modifications such as PEGylation
of DFNS may prevent their aggregation and opsonization and
hence, decrease their immune clearance and cytotoxicity while
prolonging their systemic circulation period. The accelerated
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blood clearance (ABC), which may be activated after repeated
administration of PEGylated particles, needs to be carefully
controlled. The lipid coating modification of DFNS is another
strategy for reducing the toxicity, which can also improve the
pharmacokinetic (PK) properties of NPs attributable to the
reduced quantity of non-specific protein bindings (plasma protein
opsonization) and prolonged systemic circulation time.

The morphology of DFNS can also directly influence their
biosafety. Studies have shown that the endocytosis of DFNS with
spherical shape is relatively higher than the cylindrical MSNs
with the same surface area. However, some other studies have
shown that the level of endocytosis is highly dependent on the
type of cells. The aspect ratio is another determinant for the
biosafety of DFNS, in which the greater aspect ratio might lead
to enhanced uptake and improved biological activity. The
higher surface area is a suitable physical property for the
encapsulation of cargo in MSNs, even though it may have
adverse effects on the safety of DFNS through the increase in the
generation of reactive oxygen species (ROS) as DFNS facilitates
ROS generation via their exposed surface areas. Thus, the
higher surface area may result in a higher toxicity of DFNS. In
this context, spheres and short rod DFNS can cause greater
mitochondrial damage, resulting in an intensified generation of
intracellular ROS. Collectively, while various observations
confirmed the pivotal role of the size, shape, surface morphol-
ogies, and structure on the biosafety of MSNs, more investiga-
tions need to be undertaken to address the precise effects of
these factors on the biosafety of DFNS.

The safety of the nanoparticles has led to the need for the field
of therapy to be characterized according to in vivo protocols based
on the nanomaterials’ absorption, distribution, metabolism,
excretion, and toxicity properties; however, few studies have dis-
cussed their in vivo biodistribution and toxicity after oral admin-
istration. Yu et al. found that the appearance of DFNS, such as
their porosity and surface characteristics, may affect the acute
toxicity in immune-competent mice and found that there was in
vivo toxicity after injection. Also, by increasing the dose of MSNs'
(aspect ratio 1, 2, 8) at approximately 30-65 mg kg™ ', there was
mechanical clogging of the vasculature followed by organ failure.
These findings indicate that the MSNs' with larger hydrodynamic
size have the maximum tolerated dose (MTD).® In another study
done by Soleymani et al., the cytotoxicity of Tb@KCC-1-NH,-FA on
colorectal cancer cells was evaluated by MTT assay, which
confirmed their biocompatible nature® This analysis showed that
DFNS had no cytotoxic effects on colon cells. The next aspect to
consider about DFNS is that their toxicity properties depend on
the surface functionalization and amount injected into the body.
To date, DFNS has not been evaluated in clinical trials; they have
only been tested in different animal models.®” All of the articles
considered in this review confirmed the safety of DFNS in animal
models.

6. Biomedical application of DFNS
6.1. Cell therapy

Cell therapy involves the injection, grafting, or implanting of
viable cells into a patient in order to achieve a therapeutic

This journal is © The Royal Society of Chemistry 2020
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effect.®® Designing intelligent NPs with high biocompatibility
and cell uptake is necessary for cell therapy.® In the new
studies, DFNS synthesis in water/oil biphasic systems can be
used as a platform for biomedical applications. Head-tail
mesoporous silica nanoparticles (HTFSNs) or DFNS with
controllable structures have been synthesized in oil/water
emulsion systems. Also, spherical silica head particles with
two features, namely a solid or porous nature, can be used to
increase the size of a dendritic tail, as compared to other
nanomaterials. HTFSNs illustrated surprisingly higher hemo-
compatibility toward red blood cells because they covered large
dendritic pores. HTFSNs were further tested for immuno-
adjuvant activity. Interestingly, Yu and co-workers found that
asymmetrical HTFSNs demonstrated a higher rate of uptake
and in vitro maturation of antigen-presenting cells as compared
to spherical head particles. This study has provided a new idea
for the use of nanocarriers in vaccine development and
immunotherapy; the change in RBC structure was studied by
SEM and TEM apparatus.”

6.2. Gene therapy

Gene therapy is a promising therapeutic strategy to combat many
serious gene-related diseases such as cancer, monogenic disor-
ders, cardiovascular diseases, Parkinson's disease, cystic fibrosis
and muscular degeneration.””* Gene therapy is used for the
treatment of cancers by enhancing the expression of tumor
suppressor genes in a desired time frame.” It has high efficiency
and common usage in biomedical applications. Nevertheless, it
may have some essential drawbacks including immunological
problems, insertional mutagenesis and limitations in the size of
the carried therapeutic genes; therefore, a carrier that can deliver
the correct dose of the gene to the recipient has always been the
focus of attention. In recent years, polymeric nanolipids and
peptide carriers have been extensively studied.””** The use of
DFNS surface-modified with sensitive pH polymers is very
important for the release of genes on the target cell. Qiao et al.
showed that when AC-PEI (polyethyleneimine@acetaldehyde-
cystine) was functionalized with DFNS, the RNA could be easily
released into the cells.” In another study, the capacity of several
nanoparticles including MCM-41 and KCC-1 for the adsorption
of DNA was investigated. First, MCM-1 and KCC-1 were synthe-
sized and then their surfaces were functionalized with amine
groups. The prepared nanocomposites included derivative
compounds from KCC-1 and MCM-41, such as KCC-NH,, KCC-
NH-NH,, KCC-CPB and MCM-41, MCM-NH,, MCM-41-CTAB.
Then prepared nanocomposites were studied for the adsorption
of DNA. The results showed that the derivative compounds from
the fibrous, large pore KCC-1 had a high capacity for the
adsorption, transport, and delivery of DNA and genes as
compared to MCM-41.%

6.3. Immune therapy

6.3.1. Cancer immune therapy. DFNS has extensive
potential as a delivery vehicle for biomolecules due to the
morphology, uniform fibrous structure, high surface areas, and
biocompatibility. In a new study by Yual et al., poly(l:C) was

This journal is © The Royal Society of Chemistry 2020
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combined with stellated fibrous MS nanospheres and then the
synergistic effects were investigated for decreasing the neces-
sary dose of poly(I:C) for cancer immunotherapy. The results
showed an average particle size of about 100-200 nm in diam-
eter and open pores up to 35 nm. Moreover, the combination of
poly(I:C) on the surface of DFNS showed high adsorption
affinity for biomolecules, high delivery ability for transporting
biomolecules into BMDCs and immune-stimulating effects in
the in vitro experiment. The nanocomposite was tested on mice
that were immunized with MS-OVA-PIC, which showed a more
significant increase in anti-cancer immunity as compared to
those immunized with free OVA-PIC at a similar dose. Also, the
mice immunized with MS-OVA-PIC (poly(I:C) dose of
0.625 mg kg~ ') showed comparable anti-cancer immunity to
those immunized with 4 times the dose (2.5 mg kg ') of free
poly(I:C). All of the data, illustrated as MS-OVA-PIC, opened up
great opportunities due to the future clinical applications of
poly(I:C) in cancer immunotherapy.”

In another study, Hanagata et al. synthesized a new DFNS
that can be used as carrier cytosine-phosphate-guanosine oli-
godeoxynucleotide (CpG ODNS).

One of the nucleic acids with powerful immuno-stimulatory
activity is CpG ODNs, with numerous medical applications such
as the treatment of cancer, allergies, asthma, and infectious
diseases.””””® However, the poor stability and cellular uptake
efficiency of free CpG ODNSs lead to poor immune stimulatory
activity. In this study, DFNS was synthesized with average
particle size between 97-500 nm, then the surface was modified
with 3-APTS (3-aminopropyltriethoxysilane). Next, Raw 264.7
cells were cultured with the DFNS-NH,-based CpG ODN
delivery system, and the in vitro cytotoxicity, cellular uptake, and
TLR-9 mediated induction of IL-6 were studied. The obtained
results indicated that the DFNS-NH,-based CpG ODN had the
highest IL-6 induction ability (96-1 + 1-6 ug mg™ ") as compared
to free CpG ODN.”

Changing the conformation of DFNS could give new insight
for deeper studies on the applications of DFNS. New genera-
tions of DFNS like the double-shelled dendritic mesoporous
organosilica hollow spheres (DMSOHS-nS) were synthesized by
Yu et al.** (DMOHS-1S) and (DMOHS-2S) were synthesized and
simultaneously used in tumor cell studies. This study indicates
that (DMOHS-2S) could open new doors for developing
advanced vaccine delivery systems for cancer therapy.®

6.4. Drug delivery

6.4.1. Anticancer drug delivery. Nanotechnology can be
introduced as a technology that develops materials or devices
within the nanometer scale. This technology can be very helpful
in targeted drug delivery and therapeutics for disease preven-
tion, diagnosis, and treatment.** Nanocarriers such as lipo-
somes, micelles, polymeric nanocarriers, dendrimers,
hydrogels, metallic nanocarriers, QDs, carbon-based nano-
carriers, exosomes, and viruses have been extensively studied
for the design of drug delivery systems.®*®** The design of
nanocarriers for drug delivery offers several advantages,
including the improvement of hydrophobic drug stability,
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thereby making them plausible for administration, the
enhancement of biodistribution, and pharmacokinetics. This
results in improved efficacy, improvement of the EPR effect,
increased selective targeting, reduced adverse effects as
a consequence of favored accumulation at target sites, and
decreased toxicity by using biocompatible nanomaterials.*
KCC-1 is of great interest in drug delivery; due to the fibrous
morphology of DFNS, the use of nanocarriers in drug delivery
could be facilitated. The silica layer of DFNS could be used as
a platform for drug releases in various conditions. As a result,
DFNS has become a viable alternative for the loading and mass
transfer efficiency, even for larger biomolecules such as
proteins, enzymes, DNA, siRNA, etc. On the other hand, nano-
silica spheres have a significant disadvantage of the limited
surface area for the loading of biomolecules.

In 2012, Gai et al. succeeded in delivering DOX in in vitro
conditions by DFNS. Firstly 0.5 ug ml ~* of DOX was prepared in
PBS solution (pH = 7.4) under dark conditions. Then, 0.6 mg of
DFNS was added to the solution and shaken for 24 h. The ob-
tained DFNS nanoparticles were separated by centrifugation
then dissolved in water and determined by UV spectroscopy at
490 nm; the results showed that the average recovery of the
nanoadsorbent was 90%.°* In another study, Du et al. synthe-
sized dendrimer-like amino-functionalized silica nanoparticles
with hierarchical pores (HPSNs-NH2) and the surface was
modified by COOH, PEI, and NH, groups.” Following this
study, Munaweera et al. managed to make periodic mesoporous
organosilica (PMO) nanoparticles for the delivery of the hydro-
phobic anticancer drug (Paclitaxel) in PBS solution (pH = 7.4).°

The treatment of cancers using different types of DFNS
armed with targeting moieties (e.g., small molecules, peptides,
proteins, antibodies, or Ap) seems to be one of the most
promising cancer therapy modalities that might be practically
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translated into clinical applications in the near future. These
NSs may offer much lower off-target side effects with maximal
therapeutic impacts on the target cells/tissues. Aps, synthetic
peptides, or short-length single-strand oligonucleotide mole-
cules recognize and bind to their specific targets with high
specificity. Therefore, Aps might be the favored candidate
ligand in the targeted therapy of cancer. They are, however,
associated with some limitations (e.g., vulnerability to the
nuclease enzymes), which make their usefulness questionable.
The conjugation of Aps on the surface of nanomaterials is
facilitated by its unique chemistry, which may lead to
a successful targeted drug delivery against cancer. Nano-
materials and their physicochemical features are the other key
crucial components that influence enhanced drug delivery.
DFNS possess a wide range of requirements for successful drug
delivery due to their advanced physicochemical features such as
the well-organized porous structure, the higher volume of pores
and surface area, and low in vivo toxicity. Recently, several
investigations have been directed toward developing various
smart Ap-decorated DFNS with the robust abilities of enhanced
cancer therapy. Providentially, some efforts have shown prom-
ising capabilities in various types of DDSs. Considering the
exclusive physicochemical and PK/PD features of Ap-decorated
DNFS, they are expected to be practically utilized for targeted
therapy with decreased off-target side effects. Despite all these,
this field is still growing and many crucial issues remain to be
addressed prior to the translation of Ap-conjugated DFNS into
clinical applications.

6.4.2. Protein drug delivery using DFNS. DFNS have been
great biocarriers due to their easy synthesis, surface function-
alization, special structure, biocompatibility and chemical
stability. The unique structures of DFNS including open
dendritic superstructures with large mesopore channels have

Acid sensitive linker:

imine ,)

DFNS-CHO/Protein

Acid
environment

Schematic representation of the construction of the pH-responsive protein drug delivery system based on DFNS nanoparticles.®®
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led to DNA delivery, RNA delivery and some biological drugs
such as IFN-o. In a new study, DFNS with an average particle
size of 174 £+ 17 NM was prepared, then the surface was func-
tionalized with aldehyde groups. Fig. 2 shows the preparation of
(DFNS-CHO). The release of bovine serum albumin (BSA) on the
surface of (DFNS-CHO) was investigated at different pHs.
Furthermore, the in vitro cytotoxicity and cell uptake of the
DFNS-CHO nanoparticles were studied using RAW264.7 cells as
the cellular system. The results indicated that the nanocarriers
had a highly loaded capacity of approximately 136 pg mg ™"
Moreover, in acidic conditions, BSA was released from the
DFNS-CHO nanoparticles with no cytotoxicity. It was concluded
that DFNS-CHO nanoparticles would be acceptable as novel
nanocarriers for the pH-responsive delivery of protein drugs.*

One of the main injected drugs for type 1 and type 2 diabetes
is insulin; its use is sometimes quite painful for patients.
Finding an oral type of insulin is important in pharmaceutical
science. Kleitz et al. found a new oral drug delivery route for
insulin via DFNS. In the first stage, DFNS with positive charges
in various pore sizes have been designed and negatively charged
insulin was loaded on the surface of DFNS. The surfaces of the
nanoparticles were then modified with pH-sensitive protein (B-
lactoglobulin). The data showed that with this method, insulin
was release at pH 7.4.%7

6.4.3 Ayurvedic drug delivery using DFNS. The ayurvedic
system of medicine is one of the oldest systems of traditional
medicine. Many people prefer to use ayurvedic drugs instead of
chemical drugs due to chemical drugs having many side effects.
It is always time-consuming to find a new method for the
delivery of ayurvedic drugs.”® Nanoparticles such as DFNS can
encapsulate enormous biomaterials and drugs in their struc-
tural pores and deliver them to the target. In this research
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project, DFNS-based multifunctional nanoparticles were re-
ported as a drug delivery system. Firstly DFNS was prepared by
a previously reported method with slight modification;* the
average size was 63 nm, and one of the optimal cancer-targeting
ligands with a strong chemical attraction to folate receptors (Ky
= 107" M) is folic acid. In this project, folic acid (FA) was
conjugated to the surface of DFNS for selectively targeting
cancer cells, then biocompatible calcium hydroxide and cur-
cumin (Cur) were immobilized on (DFNS-FA) (Fig. 3). Finally,
the anti-cancer efficacy of obtaining the nanocomposite (Cur-
Ca@DFNS-FA) was investigated by a battery of in vitro and in
vivo experiments. The results show that the Cur-Ca@DFNS-FA
was diffuse in aqueous solution. Cur was control-released by pH
and efficiently targeted the MCF-7 cells of breast cancer. Cur-
Ca@DFNS-FA effectively inhibited cell proliferation, enhanced
intracellular ROS  generation, reduced mitochondrial
membrane potential, and increased cell cycle retardation at the
G2/M phase, leading to greater apoptosis in MCF-7 as compared
to free Cur. On the other hand, the western blotting analysis
illustrated that Cur-Ca@DFNS-FA was more effective than free
Cur through the suppression of PI3K/AKT/mTOR and Wnt/B-
catenin signaling, and the activation of the mitochondria-
mediated apoptosis pathway. In vivo studies indicated that
Ca@DFNS-FA exhibited good biocompatibility, the Cur
concentration in blood serum and tumor tissues increased after
1 h when Cur was encapsulated in Ca@DFNS-FA and finally, all
of the data showed that Cur-Ca@DFNS-FA was the best
candidate against breast cancer.'

In other research, the scientists focused on the anticancer
effect of folic acid conjunction on both surfaces of mesopore
nanoparticles, including KCC-1 and MCM. Fig. 4 shows the
anticancer mechanism of DFNS in human liver carcinoma

_(?l/ 51NN\ cooH

Ca(OH)2

and the pH-stimuli-responsive release in tumors.1°°
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human liver carcinoma (HepG2) cells.**

(HepG2) in this study; various factors, such as the surface of
nanoparticles, timing, and size, which may influence the
cellular uptake of NPs by cancer cells were investigated. The
kind of surface modification (as-synthesized MSNs, amino-
modified MSNs, and FA-conjugated MSNs), and incubation
time (4, 12, 24, and 48 h) were investigated on two types of NPS
including KCC-1 and MCM. All of the results show that the FA-
conjugated KCC-1 has promise for controlling the release of
curcumin, quercetin, and colchicine as compared to MCM."**

Following this work in 2016, Lojkowski synthesized a new
type of mesoporous silica nanoparticles for the controlled
release of curcumin (Cur) as an anticancer natural pro-drug in
an in vitro experiment. Firstly, two types of nanocomposite
including KCC-NH, and MCM-NH, were synthesized, then cur
was loaded on the surface, and the release of Cur was investi-
gated at several pH values (2.5, 5-7.5) under in vitro conditions.
The results showed that the highest amount of Cur was released
under acidic conditions (pH 2.5). This opens the way for their
application in controlling the curcumin delivery in cancer due
to the acidic tumor environment increasing its stability and
leading to an increase in the Cur bioavailability. The KCC-NH,
seems to be a more promising nanocarrier for the release of Cur
as compared to the commonly used MCM-41 material.'*

37124 | RSC Adv, 2020, 10, 3716-37133

6.4.4 Antimicrobial enzyme delivery using DFNS. The
misuse of antibiotics has led to the appearance of antibiotic-
resistant bacteria and dangerous threats to human health.'*
Lysozyme is an abundant enzyme in nature and has antimi-
crobial activity towards Gram-positive bacteria by separating the
glycoside linkage in the bacterial cell wall. It is less effective
towards Gram-negative bacteria and can be limited by its poor
stability and weak binding affinity to the surface of bacteria;
therefore, it requires a method that can increase its surface
area. Yu et al. synthesized three types of DFNS with various
sizes, including MSNs-FC2-R1, MSNs-FC2-R0.4, MSNs-FC8-
RO.15. The results showed that MSNs-FC8-R0.15 had a smaller
size and density as compared to other DFNP. The lysozyme-
loaded MSNs-FC8-R0.15 carried on complete inhibition
toward E. coli for five days. The bacterial killing activity was also
confirmed by an agar plate test. The fibrous morphology of the
nanocarriers improved the bacterial membrane adhesion.*

6.4.5 Immobilization of Candida rugosa lipase by DFNS. By
developing nanotechnology, nanocomposites such as nano-
particles, nanotubes, and nanofibrous silica particles were used
as enzyme immobilization due to their special structures
including their high surface area, high stability, and easy
separation.’®'°® Zhang et al synthesized two types of

This journal is © The Royal Society of Chemistry 2020
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nanocomposite, namely, Fe;0,@SiO,@hollow@fibrous SiO,
(yolk shell-1), and Fe;0,@SiO,@hollow@ mesoporousSiO,
(yolk shell-2), due to the immobilization of Candida rugosa
lipase (CRL) through template-assisted selective etching. In the
first stage, Fe;0, nanoparticles were synthesized. Then, the SiO,
shell was coated on the surface of Fe;O, by a sol-gel reaction,
and the prepared Fe;0,@SiO, composites were covered by the
resorcinol formaldehyde (RF) shell supplied with mesoporous
fibrous (KCC-1) in the yolk shell-1. Yolk shell-2 was prepared
from yolk shell-1 but the structure of mesoporous silica was not
fibrous and glutaraldehyde was used as a linker for the immo-
bilization of Candida rugosa lipase. The results indicated that
yolk shell-1, with large magnetization (25-29.5 emu g~ '), highly
accessible mesoporous channels (20-50 nm), high surface area
(600-400 m* g~ "), and good loading and enzyme activity as
compared to yolk shell-2, was the best candidate for use due to
the immobilization of Candida rugosa.*”’

6.5. Imaging

6.5.1. Bioimaging by DFNS. Quantum Dots (QD) have
several forms, one of which is cadmium telluride (CdTe), and
they are used in various ways due to their unparalleled size-
sensitive optoelectronic properties. However, their photo-
stability and colloidal stability issues, as well as their toxicity,
are somewhat limited. Zhang et al. used DFNS to stabilize CdTe
and enhance its stability and cytotoxicity. 3-APTS was loaded on
DFNS to manufacture mSiO,-NH,. In the next stage, CdTe was
functionalized with mSiO,-NH, by using the electrostatic
attraction between the positively charged surface and the
negatively charged CdTe. A modified DFNP was formed over it
using Stober's method to improve its stability. SEM analysis
illustrated the dendritic fibrous nature of mSiO,@CdTe@SiO,,

View Article Online

RSC Advances

and EDS elemental mapping showed an equal distribution of
CdTe on the fibers of DFNS silica. These materials showed
enhanced QD stability, low toxicity and strong fluorescence
(used for bioimaging).**®

6.5.2. Real-time imaging using DFNS. Innovative meso-
porous nanomaterials have provided new opportunities for cell
imaging. They are interesting because of their sensitivity,
modularity, capacity for many potentially varied ligands, and
their potential for multifunctional imaging.'” In a recent study,
a novel DFNS was synthesized by a mild one-pot hydrothermal
process. In addition to functionalization, the magnetism and
fluorescence were amalgamated into a single mesoporous silica
composite particle composed of 0.1 g of fluorescein dye and
0.05 g of Fe;O, nanoparticles in DFNS. The obtained nano-
composite was able to load drugs and other large molecules.
The synthesized nanocomposite was incubated with murine
fibroblast L-929 cell lines to examine the cytotoxicity and ability
for in vitro fluorescence labeling of living cells. These multi-
functional nanocomposites with huge specific surface areas
were accepted as ideal platforms due to targeted mass drug
delivery and tracking based on their magnetic and lumines-
cence properties.”™ The cytotoxicity study illustrated that these
materials can be safely used for live-cell imaging and MRI at
concentrations less than 10 ppm. The fluorescence imaging
showed that these NPs could be used for cell imaging, where
green fluorescence was observed in the cytoplasm as well as
inside the nuclei due to their internalization and equal distri-
bution within the cells.

6.5.3. Photoacoustic imaging by DFNS. In recent years,
phototheranostic imaging has received significant attention in
modern nanomedicine dealing with cancer tumor imaging and
therapy. Improving the signals from cancer cells is an important
stage for diagnosis. Among the variety of nanocarriers systems,

O ;
N o o
HiN Cl HiN
N A W@ ~_ 7/
/Pl\ /Pt\ /Pt\
s
H3N (e} H3N o- ”":"2 o 0!
Cisplatin Cclrboplcn:inc> Oxaliplatin !

DOPC o
T P
N\ -~ 1'1. /O\éu/on
Sl " S ]
HO 4 o
X < C ¥ p
A~ > /\/\
o/(‘)\olls‘ \/\_/N:r\ /Nr::H o/\ oH
v O\ ks : S — ,.\r’
L N /No\ /° 1
o,
no” \O N / N Hhdad ?
~< S o P
r‘f\ Ho\s./og '$HO +ini=——=% 1%°HO +r photons
o—
: S B‘su 16 °
H OB N\, 28Er + Se (halflife:28.8h)
s
-~ o’?'\o/“"x
RN

Fig. 5 DOPC lipid-coated platinum drug-loaded holmium-165 containing DFNS.#

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 37116-37133 | 37125


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra04388e

Open Access Article. Published on 08 October 2020. Downloaded on 12/4/2025 10:06:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

DFNS possesses good size, fluidity, deformability, and great
encapsulation ability to integrate different ingredients; this
allows DFNS to have a range of theranostic applications."™ Every
cancer cell has a special genetic code made from microRNA.***
MicroRNA plays a significant regulatory role in an array of
biological processes and is used as a biomarker for potential
diagnosis and forecasting in clinical applications. Dong et al.
illustrated that when MicroRNA are encapsulated in DFNS and
functionalized with DNA photoacoustic (DNA-PA) probes and
glutathione (GSH), signal amplification occurs to show the
place of cancer cell (MCF-7 cell). It was shown that microRNA,
by improving the signal of photoacoustic instruments, have
enormous potential in advanced molecular imaging in vivo."*®

6.6. Radiotherapy

6.6.1. Delivery of chemo- and radiotherapeutics simulta-
neously using DFNS. Over the last decade, DFNS was used in the
development of a smart delivery vehicle that simultaneously
delivered chemo- and radiotherapeutics.”* Studies have shown
that the loading of radiodrugs on the surface of DFNS could
reduce the frequency of use of the radiodrug.*”'** Munaweera
et al. succeeded in synthesizing DFNS that could load 2-dioleoyl-
sn-glycero-3-phosphocholine  (DOPC) lipid-coated/uncoated
platinum drug and holmium complex (165Ho-MS np), which
becomes radioactive after neutron-activation (166Ho-MS np).
Fig. 5 shows the process of loading. The synthesis of nano-
materials illustrated the radioactivity of 213.6 uCi mg™" after
neutron activation for 1 h (thermal neutron flux of 3.5 x 1012
neutrons per cm” s) Moreover, platinum drug loading of 14.6,
11.7, and 16.1% (w/w) was achieved for cisplatin. The in vitro
results showed that the controlled release of platinum drugs
from the DFNS was over 40 h for both lipid-coated and uncoated
systems. These results indicated that both **Ho-MS-Pt and
DOPC-'*Ho-MS-Pt are promising candidates for combined
chemo and radiotherapy.*
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6.7. Photothermal therapy

6.7.1. Photothermal ablation (PTA) therapy using DFNS.
Cancer is a significant public health problem across the world.
In recent years, various methods have been used to treat cancer.
One of these methods recently used is photothermal ablation
(PTA) therapy, which can effectively kill cancer cells in a specific
region by converting light energy into heat."* This method has
received significant interest as a potentially effective treatment
for tumor necrosis as compared to other methods. What makes
it an excellent alternative for cancer therapy is that it is non-
invasive and targeted. Currently, a large variety of nano-
composite has been explored for photothermal agents based on
their high near-infrared (NIR). In this study, PPy@DSNs-NH,
was fabricated by functionalized polypyrrole on DFNS, and then
modified by PEG to enhance the biocompatibility and stability
in physiological conditions. The spatial structure of the meso-
pore channels of DFNS led to the loading of the anticancer drug
(DOX) on the surface fabricated PPy@DSNs-PEG nano-
composite (Fig. 6). Different techniques such as (FESEM),
(TEM), (FTIR), (TGA), (DLS), (BET), UV-visible spectroscopy were
used to characterize the nanocomposite. Photothermal perfor-
mance and in vitro drug release were also studied, and the
synergistic therapeutic efficacy of DOX/PPy@DSNs-PEG was
evaluated by in vitro MTT assays and confocal microscope
observation. The obtained results illustrated that the new
nanocomposite DOX/PPy@DSNs-PEG had synergistic chemo-
photothermal therapy, physiological stability, and high NIR
absorbance, as well as powerful heat transformation. The
prepared nanocomposite showed a high DOX loading.**

6.7.2 Photodynamic therapy using DFNS. Photodynamic
therapy (PDT) is a main-stage treatment that amalgamates light
energy with a drug (photosensitizer) to eradicate cancerous and
precancerous cells after light activation. Photosensitizers are
agitated by a particular wavelength of light energy, mostly by
laser. Before being activated by light, the photosensitizer is not
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Schematic illustration of the preparation of DOX/PPy@DSNs—PEG for combined chemo-photothermal therapy.tt®
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toxic but after light activation, the photosensitizer has a toxic
effect on the targeted tissue."” Common organic photosensi-
tizers (PSs) are still widely used in cancer treatment in PDT but
they have some drawbacks including hydrophobicity, poor
stability within the PDT environment and low cell/tissue spec-
ificity, which limit their clinical applications. In recent years,
the combination of nanoparticles with the PDT method could
reduce their side effects. One of the mesoporous nanoparticles
introduced by Chengzhong Yu et al. for photodynamic therapy
was the core-shell-structured dendritic mesoporous silica
nanoparticles. In this study, C60 was dispersed in the silica core
of DFNS due to photosensitizers and fluorescence agents for
imaging. Then, C18 loading to DFNS was used to load a thera-
peutic mAb anti-pAkt. All of the modifications led to the
generation of O, and the fluorescence light excitation in MCF-7
cancer cells. The results indicated the cancer cell inhibition by
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reducing the levels of anti-apoptotic proteins required by using
modified DFNS in combination with the PDT method."®

6.7.3 Mediated combination therapy with DFNS. Cancer
therapy based on nanomaterials plays an important role in
significantly increasing the therapeutic efficiency against cancer
by utilizing a combination of chemotherapeutic agents with
nanomaterials. Recent findings illustrated that the combina-
tion of two or more nanoparticle-mediated therapies can result
in a synergistic therapeutic result to improve the current cancer
treatments. Combination therapy has also been illustrated to
increase tumor control and reduce undesired side effects of
cancer drugs by improving the pharmacokinetics and targeted
delivery of the drug payloads. The special structure of silica

mesoporous nanoparticles allows them to chosen as the best
candidates in mediated combination therapy. Yan et al. suc-
ceeded at synthesizing hollow dendritic mesoporous silica
nanoparticles

capped with chitosan (GM-CS) then
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functionalized with folic acid (HDFSNs-GM-CS-FA). They used
these NPs for the co-delivery of pheophorbide (PA) and doxo-
rubicin (DOX). HDFSNs-GM-CS-FA@DOX/PA fully combined
photothermal, photodynamic and chemotherapies to develop
synergistic antitumor efficacy."*’

In another study, DOX was loaded into DFSN then coated
with AgNPs. The synthesized DOX/AgNPs/DFSN was injected to
cancerous cells via endocytosis. In the next stage, DFNS was
released into cytosol by endosomal pH through endosomal-
lysosomal escape. The released AgNPs destroyed the mito-
chondrial tissue, then DOX penetrated the DNA, which resulted
in DNA damage by the poisoning of topoisomerase II. Both
AgNPs and DOX induced cancer cell death through oxidative
stress by DNA damage in the nucleus.”

6.8. Bioanalysis

6.8.1. Biosensors. The highly sensitive sensing of cancer
cells in a short time is very important in clinical studies. One of
the main stages in biosensor analysis is the fabrication of the
surface of the electrode. The unique physicochemical properties
of these fibrous nanomaterials make them excellent candidates
in electrochemical and optical biosensing. One of the
biomarkers investigated in colon carcinoma is HT29.'*° In a new
study, Soleymani et al. successfully determined HT29 in FR-
positive center cells by folic acid functionalized with KCC-1-
NH, nanoparticles. Fig. 7A shows the stages for functionaliza-
tion and Fig. 7B shows the mechanism of the developed FR-
positive cytosensor. Two sensitive electrochemistry techniques

GOD-CS electro deposition

%‘ Oligo nucleotide sequence © Toluidine Blue

% Mercapto ethanol (MCE)

<4 Mot (1)
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SWV and DPV were used for the detection. In addition, flow
cytometry and fluorescence imaging were used to determine the
quantitative and qualitative attachment of KCC-1-NH,-FA to the
HT 29 FR-positive cancer cells. The obtained data showed that
the cytosensor response was in a linear range from 50 to 12 000
cells per ml with LLOQ of 50 cells/ml. Therefore, the cytosensor
is accurate and simple, providing perfect specificity and sensi-
tivity, which will enable us to design point of care devices for
clinical use.”™*

One of the amino acids that were classified as a non-essential
amino acid is r-proline (r-Pro); the biological and biotechno-
logical applications are clear for any biomedical research
program, and the introduction of sensitive and easy methods
for its determination in biological samples is in demand. Mir-
zaie and colleagues succeeded at making an innovative elec-
trochemical biosensor for the sensitive and specific detection of
-proline (1-Pro) in human plasma for the first time. KCC-1 was
synthesized by the method by Bayal et al.,*** then functionalized
with3-APTES to prepare KCC-1-NH, as the enzyme encapsu-
lating support. The fabrication of the surface of the electrode
was done by encapsulating PRODH/POX on KCC-1-NH,, and t-
proline was finally determined by the ultra-sensitive electro-
chemistry methods of cyclic voltammetry and chro-
noamperometry in PBS at pH = 7. The results showed that the
fabricated electrode can determine r-Pro in the range of 2.26 to
15 mM, with a LLOQ of 2.26 mM. Therefore, due to the proper
function and high sensitivity of the prepared enzyme biosensor,
this method can be used to encapsulate and increase the

temperature stability of the enzyme as well as to detect -Pro.*

Fig. 8 The aptasensor assembly procedure and its application in the monitoring of AF M1.12°
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Fig. 9 A comparison of (A) traditional sandwich-like ELISA and (B) the
ELISA+ using modified DFNS with high potential HRP loading and
achievable dendritic channels to obtain ultrasensitive detection.*?

Aflatoxins are among the food pollutant items produced by
fungi, the most toxic of which is aflatoxin M1 (AFM1). It is
a human carcinogen that is found in milk products and may
have potentially severe health impacts on milk consumers. In
addition, the cancer risk has been reportedly caused by AFM1 in
small amounts.* Aflatoxin M1 was determined by an aptamer-
based biosensor whose surface was modified by dendritic
fibrous nanosilica functionalized by amine groups. In this
project, the research group attempted to design a novel, creative
electrochemical biosensor for the rapid and sensitive quantifi-
cation of AFM1 in milk samples. To fabricate this biosensor,
GQD-CS and KCC-1-NH,-Tb were synthesized, and then the
nanocomposites were electrodeposited on the surface of GCE.
Next, the special oligonucleotide sequence, as a probe aptamer

View Article Online
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tag with toluidine blue as an indicator, was immobilized on the
surface of GQDs-CS/KCC-1-NH,-Tb (Fig. 8). Two ultra-sensitive
techniques, namely, cyclic voltammetry (CV) and differential
pulse voltammetry (DPV), were used for the determination of
AFML1 in real samples. The results showed that the method is in
the linear range of 0.1 pM to 1 fM with LLOQ of 10 fM.**

6.8.2. Bio-analysis. Untreated water can cause many
gastrointestinal illnesses. To have a safe, clean environment,
the removal of the toxic organic compounds in water is vital. In
recent years, many nanoadsorbents have been introduced to
solve this problem. In a new study by Polshettiwar et al.,
diamino-functionalized KCC-1 (DA-KCC-1) with micro-
mesostructured fibers was chosen as a nanoadsorbent for the
removal of Congo red from water samples. Essential parameters
were investigated and optimized, such as the initial pH value,
adsorbent dose, and initial dye concentration. The maximum
uptake capacity was found to be ~400 mg g, according to the
Langmuir model.***

In another study for the determination of insulin in human
serum samples, an ultrasensitive enzyme-linked immunosor-
bent assay (ELISA") was fabricated by using dendritic fibrous
silica nanoparticles (DFSN) with high horseradish peroxidase
(HRP) loading and easily accessible pore channels for signal
amplification. In this project, Yu et al. successfully developed
three different pore diameters, 6.9 nm (DFNS-1), 14.9 nm
(DFNS-2), and 34.2 nm (DFNS-3) by immobilizing the horse-
radish peroxidase (HRP) enzyme by treating it with aldehyde
functionalized DFNS via Schiff base linkage (Fig. 9). The results
showed DFNS as having a surface area of 484 m* g~ ' and a pore
volume of 1.39 em® g™, with an average pore size of 14.5 nm.
There were huge loadings of the HRP enzyme, approximately
2000, and it was more sensitive than a commercial ELISA kit for
insulin detection in serum. Also, the calibration parameter
illustrated that insulin samples could be determined in low

Fig. 10 Application of DFNS/Au as an artificial enzyme.***

This journal is © The Royal Society of Chemistry 2020
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concentrations (20-100 fg ml~") with LOQ of 7.7 pg ml~* and
a recovery rate of 81% was achieved;"”” compared to the other
reported analytical methods,"”*** the new method has an
acceptable recovery and LOQ.

6.8.3. Bioseparation by DFNS. Protein phosphorylation,
a spacious protein post-translational modification, has been
implicated in numerous important cellular activities such as
molecular recognition, signaling transduction and metabolic
processes.”**** The investigation of protein phosphorylation
under various physiological conditions is an essential stage in
understanding the signaling pathways. The mechanism of
disease generation and diagnosis, and the detection of phos-
phorylated proteins in bio-samples are the important stages. In
a new study, after the synthesis of DFNS modified by polydop-
amine and chelating Ti*', the structure of the obtained nano-
composite was investigated. The results showed a high surface
area of 362 m”> g ', a large pore volume of 1.37 cm® g™, and
a large amount of chelated Ti** (75 ug.mg™"). Compared to other
conventional mesoporous silica-based nanomaterials, the LC/MS
results illustrated that DENS@PDA-Ti*" had high selectivity,
a lower detection limit (0.2 fmol pul™") and a high specificity
(>95%). In addition, the reported nanocomposite identified 2422
unique phosphor peptides from HeLa cell extracts.**®

6.9. Biocatalysis

6.9.1. Application of DFNS as artificial enzymes. New bio-
catalysts with 3D structures, which are highly sensitive and
stable are in high demand. The design and preparation of
natural enzymes are quite challenging for different reasons
such as being time-consuming, the high cost of preparation,
purification and storage, and difficulties in recovery and recy-
cling. As such, new methods are greatly needed for the prepa-
ration of artificial enzymes that have catalytic activities and
greater stability. Polshettiwar and his research group succeeded
in synthesizing dendritic fibrous nanosilica (DFNS)-supported
gold (Au) nanoparticles (DFNS/Au) as artificial enzymes
comparable to peroxidases. It was shown that the new artificial
enzyme had high enzymatic activity due to 3,5,3',5-tetrame-
thylbenzidine (TMB) oxidation as a model reaction, which was
considerably better than the natural horseradish peroxidase
(HRP) enzyme. This study shows that DFNS/Au had higher
enzymatic activity than other nanocomposites due to the
fibrous morphology and unique silica channels. (Fig. 10) shows
the stages of the oxidation of TMB by DFNS/Au."**

6.10. Tissue-engineering

The use of mesoporous silica nanoparticles in tissue engi-
neering is a newly emerged field that has attracted much
research interest'*® but studies were not accomplished for the
investigation DFNS in tissue engineering until now."¢**

7. Conclusion

This review has mainly focused on the biomedical applications
of dendritic fibrous silica nanoparticles. We briefly discussed
the synthesis methods and various conditions used for the

37130 | RSC Adv, 2020, 10, 37116-37133
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preparation of DFNS, and toxicity issues related to their medical
use. We have compared the physicochemical properties of
different mesoporous nanoparticles such as MCM-41, SBA-15,
Stober silica, DFNS, and MSN, and discussed the characteriza-
tion methods used for investigating the structure of DFNS. The
articles studied show that DFNS has unique structures with
large numbers of active sites with extraordinarily high accessi-
bility as compared to conventional mesoporous silica materials.
Due to the radially oriented pores (channels), the size of DFNS
can be manipulated. Biomaterials can quickly access the active
sites on the channels of DFNS and increase their interactions
with the functionalized organic substances on the surface of
DFNS. The biomedical application of DFNS was investigated in
drug delivery, therapy, bioanalysis, biocatalysis, bioimaging
and biotechnologies. The obtained results showed that for real
clinical applications, these nanoprobes must have excellent
biocompatibility, good colloidal stability, long circulation time,
and controllable size range.

8. Future perspectives

DFNS are an emerging class of mesoporous silica nanoparticles
(MSNPs) and are used as biomaterial in various biomedical
fields. Due to their unique structure, they can interact with
a range of polymers, and macromolecules. They have great
biocompatibility and cytocompatibility. Numerous biomedical
applications of DFNS have been scientifically explored, such as
cell therapy, gene therapy, immunotherapy, drug delivery,
chemotherapy, photothermal therapy, imaging, bioanalysis,
and biocatalysis. Future studies will focus on the development
of these techniques toward clinical applications. Many of these
studies are currently not sufficient and just involve the testing of
lab animals. On the other hand, the interactions of DFNS with
cells are not significant and several parameters such as pore
size, channel size, pH and toxicity need to be investigated. We
expect that omics-based approaches, including proteomics,
transcriptomics and metabolomics will be investigated for the
interactions of DFNS with cells. Many MSNPs are used to
increase drug solubility but there are no similar studies on the
application of DFNS in the solubility of drugs. Therefore, there
is the opportunity for the investigation of drug solubility studies
based on DFNS. Also, in chemotherapy, it has been illustrated
that DFNS can reduce the amount of radiodrug used for
therapy; i.e., the side effects of radio drugs will be reduced by
these methods. Computational modeling software can be used
to estimate the interactions between DFNS with cells or
biopolymers. By understanding these interactions, custom inks
for 3D printing can be produced. Another exciting application of
DFNS is in tissue engineering. It would be interesting to
investigate the use DFNS for bone tissue, vascular tissue and
wound healing. DFNS can interact with bone cells, skin cells
and others, but it is not clear why and how DFNS have these
properties. It would be valuable to investigate this phenomenon
for further potential applications in tissue engineering.
Finally, novel DFNS has three-dimensional dendritic struc-
tures with large pore channels and highly accessible internal
surface areas for various applications. We expect to increase the

This journal is © The Royal Society of Chemistry 2020
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cellular uptake and improve the interactions by changing the
shape, size and charge of DFNS. All of the parameters facilitate
the different biomedical applications of the nanoparticles in the
near future.
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