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Abstract

Cement is utilized extensively in the manufacturing of concrete, which makes it the most common material used in build-
ing construction. However, the usage of a great deal of cement results in a great deal of CO, emissions, which leads to the
greenhouse effect. Numerous studies have developed the use of nano-SiO, in concrete materials to lower the cement content
of concrete mixtures while improving mechanical properties. Additionally, a number of studies have demonstrated that silica
NPs trigger an inflammatory response in pulmonary fibroblasts. The main cells that produce and maintain the extracellular
matrix (ECM) in the connection of the tissue are fibroblasts. Fibroblasts are involved in processes including tissue regenera-
tion and wound healing. Similar to angiogenesis, inflammation, cancer, and pathological and physiological tissue fibrosis,
fibroblasts act as intermediaries. The effect of silica nanoparticles on the mechanical properties of concrete (compressive
strength, split tensile strength, and flexural strength) was succinctly presented in this paper. Likewise, a number of studies
on the reaction of human fibroblasts to silica nanoparticles were evaluated. Numerous research on the addition of silica
nanoparticles to concrete revealed that doing so significantly enhanced the material's mechanical properties. The controlled
interaction of silica nanoparticles with human fibroblast cells was demonstrated to have potential in a number of applications,
including aesthetics, intracellular drug release systems, improving scar tissue, determining the fate of biomaterials in vivo,
and designing potential prosthetics and implant surfaces to reduce bacterial adhesion.
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Introduction

Modernization and industrial enterprise pose a serious
threat to the environment, which has led to air pollution.
For 5-8% of the CO, released globally, which contributes
to global warming, the carbon dioxide (CO,) emission from
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the manufacturing of cement [1] is responsible. To reduce
the impact of CO, emissions caused by cement manufac-
turing activities in concrete, several compounds have been
identified and used to substitute cement [2]. These materials
exhibit pozzolanic properties. The outstanding qualities of
nano- or microstructured materials, such as their increased
surface area to volume ratio, aspect ratio, and better optical
characteristics, have been demonstrated [3—15]. To mini-
mize environmental pollution, materials with these charac-
teristics have been utilized to partially replace cement in the
manufacturing of concrete, including micro- or nano-silica
and silica fume [2]. Numerous studies have examined and
supported the usage of nano-silica as a cement replacement
[1, 16].

By reacting with lime (CH) during cement hydration
and inducing the development of hydrated calcium silicates
(C-S-H) phase, nanosilica (nano-SiO,) improves the dura-
bility and mechanical strength of concrete [17]. The use of
nanosilica can significantly increase strength, compaction,
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and hydration of the microstructure of cement matrix [18,
19]. The proper dispersion of nanosilica in cement-based
materials can expedite the hydration of the cement paste and
the microstructure of the paste [19]. Physical or chemical
methods can be used to create nanosilica [20, 21]. However,
it is still exceedingly difficult to get a sufficient nanosilica
dispersion in the cement matrix. Due to their high surface
energy, too many nanoparticles may aggregate, decrease
mechanical performance, and locally increase porosity [22,
23]. As an industrial product, nanosilica is often used as a
water suspension having particles with diameters between
40 and 140 nm and an average concentration of 10 to 50%
of nano-SiO, [19]. An earlier study found that nanoparticles
can slow down the deterioration of cement-based compos-
ites brought on by high temperatures [24, 25]. This capacity
makes a significant contribution to ensuring adequate con-
crete fire resistance. By improving the particle packing in the
cement matrix and filling the micropores with nanosilica, it
is possible to significantly reduce spalling during a fire [26,
27]. In the past, different nanomaterials have been chemi-
cally modified using the "protective" properties of nanosilica
at high temperatures.

In the area of biomedicine, silica nanoparticle research
has made promising progress (NPs). NPs can be used for
DNA delivery, phototherapy, controlled medication delivery,
bioimaging, and other medical procedures [28-31]. Further-
more, depending on the intended application, the adaptable
silica chemistry enables the inclusion of a variety of func-
tions. For targeting, imaging, and therapy, for example, many
capabilities can be combined into a single particle [32-34].
In addition to evaluating their potential characteristics, silica
NPs' interactions with cells have been better studied, particu-
larly with regard to their toxicity, making them harmless for
in vivo use [35]. SiO, NPs can make people more vulnerable
to them through ingestion, cutaneous contact, and inhalation
[36]. The aerodynamic and anatomic properties of nano-
particles can have an impact on how inhaled airborne silica
particles behave in the respiratory system [37].

It has been demonstrated that exposure to human sub-
jects might cause the cancerous condition silicosis [37, 38].
Furthermore, mice exposed to aerosols containing crys-
talline SiO, particles showed a significant increase in tel-
omere length, which was associated with an increased risk
of developing lung cancer [39]. Despite prior claims that
amorphous SiO, NPs were less hazardous than their crystal-
line counterparts, investigative investigations have shown
that the two NPs are quite equivalent [40]. After reviewing
a large number of publications regarding amorphous SiO,
NPs, Murugadoss et al. [41] were unable to determine if the
exposure effects of amorphous silica nanoparticles (SiO,
NPs) are comparable to those produced by crystalline micro
SiO, NPs.
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An earlier investigation demonstrated that Si/SiO2 quan-
tum dots can trigger an inflammatory response in pulmonary
fibroblasts [42]. Additionally, it was found that a brief, acute
exposure to silica nanoparticles can cause elevated amounts
of interleukins [43]. Adenocarcinoma human alveolar basal
epithelial A549 cells' viability was reduced, while IL-1 and
IL-6 levels were increased, according to Wu et al. [44].
Silica nanoparticles have been proven in numerous studies
to be able to cause inflammation in human umbilical vein
endothelial cells (HUVEC), mouse J774A.1 macrophage
cells, and human hepatoma cells (Huh 7) when used in vitro
[45, 46].

There have been a number of studies on the effects of
nano-silica on human fibroblasts and how to improve the
mechanical properties of concrete by incorporating nano-
silica particles to cement. The literature is currently lacking
in reviews pertaining to the use of silica nanoparticles to
improve the mechanical properties of concrete. Additionally,
no reviews have yet been undertaken of research that looked
at how human fibroblasts react to silica nanoparticles. In
light of this, this review examined the efficacy of silica nano-
particles in modifying the mechanical properties of cement
concrete as well as how human fibroblasts react to them.

Properties of Nano-SiO,

The enhanced pure amorphous silica powder known as
nano-Si0O, is a white powder [47]. Due to its exceptionally
small particle size, it has a significant specific surface area,
improved acceptable dispersion, strong surface adsorption,
significant surface energy, and chemical purity [47]. Due to
its unique properties, nano-silica performed an unrivaled
role in physics, medicine, biology, chemistry, and other
fields [48, 49]. Nano-SiO, can be divided into hydrophobic
and hydrophilic types based on how hydrophilicity differs
between them. Due to its successful dispersion in water,
hydrophilic nano-SiO, is the type of nano-SiO, that is most
frequently used in the creation of concrete. Most nano-SiO,
used in concrete production has a particle size of under
100 nm [49].

By filling the pores between cement particles with sig-
nificant amounts of fly ash at the nano-dimension, nano-
Si0O, can significantly improve the compressive strength
of concretes containing a substantial volume of fly ash at
an early stage and improve the pore size distribution [49].
Additionally, it has been demonstrated that when nano-SiO,
particles are uniformly disseminated in the paste due to their
increased activity, this results in the production of a huge
number of nucleation sites that precipitate hydration deriva-
tives that aid in the hydration of cement.
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Mechanical Properties
Compressive Strength

Compressive strength can be explained as the capability
of concrete to resist loads before failure [48]. Among the
numerous investigations that have been carried out on the
concrete, the examination of the compressive strength is the
most significant, as it provides an assertion about its fea-
tures [48]. The improvement of the compressive strength
of concrete can be achieved by the addition of nano-SiO,.
An increase in nano-SiO, content toward the threshold con-
tent has been shown to increase the compressive strength of
nano-SiO, modified concrete. Beyond the threshold value,
a more elevated amount of nano-SiO, generally leads to a
reduction in the compressive strength.

Isfahani et al. investigated the influence of adding vary-
ing nanosilica doses (0.5%, 1%, and 1.5% with respect to
cement) on durability and compressive strength features of
concrete with water/binder ratios 0.65, 0.55, and 0.5 [50].
Apparent chloride diffusion coefficient, water sorptivity,
carbonation coefficient and electrical resistivity of con-
crete were examined. The outcome of the study revealed
a significantly enhanced compressive strength for the case
of water/binder =0.65, while no change was observed for
water/binder =0.5. The water sorptivity was seen to reduce
for water/binder =0.55 as the nanosilica content increased.
The introduction of 0.5% nanosilica lessen the evident dif-
fusion coefficient of chloride for water/binder =0.55 and
0.65; nevertheless, elevated dosages of nanosilica did not
reduce as regards to the reference value. Figure 1 shows
the environmental scanning electron microscope (ESEM)
images of controlled concrete and concrete modified with
addition of 1.5% nanosilica while Fig. 2 shows the effect of

0.5%, 1% and 1.5% nanosilica addition on concrete. Several
studies have reported an optimum improvement of the com-
pressive strength of concrete that was modified with 1.5%
nano-SiO, content [51, 52]. The compressive strength of the
concrete modified by the addition of nanosilica was reported
to increase by 12%-17% at 28 days and 16%-25% at 7 days
in comparison to conventional concrete. The key basis for
the enhancement of the compressive strength of concrete
is the pozzolanic reaction that took place between calcium
hydroxide and nano-SiO,, which facilitate the development
of hydrated calcium silicate. Nonetheless, concrete free
of nano-SiO, only depends on cement to hydrate to a lit-
tle quantity of calcium silicate hydrate and the compressive
strength of concrete is principally dependent on the quantity

60 +
:‘; 50
£ 50 4
z -4
— i
?40— P e %
- " @ i -
z 30 & @
= 20
£ 20
=
< 10 4
0 T T T
0 0.5 1 1.5 )

NS content (%)

- 7 days
-—e— 28 days

Fig.2 Effect of nanosilica addition on concrete with different w/b;
expressed as relative value of each parameter with respect to refer-
ence: a 0.5% NS addition, b 1% NS addition, and ¢ 1.5% NS addition
[50]

Fig. 1 ESEM images of concrete with w/b=0.65: a control and b with 1.5% nanosilica addition [50]
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of hydrated calcium silicate formed. As a consequence, the
compressive strength of concrete free from nano-SiO, is
usually low.

The impact of nano-silica on the compressive strength
and workability of wood ash cement concrete was studied
by Raheem et al. [53]. The results of their investigation indi-
cated that the addition of nano-silica increased compres-
sive strength. An ideal compressive strength of 27.53MP at
90 days was achieved with the addition of 1.5 percent nano-
silica. The authors came to the conclusion that adding 1.5%
nano-silica to wood ash concrete would best increase its
workability and compressive strength. Due to the enhanced
pozzolan characteristic of nano-SiO, particles, a prior study
demonstrated that the timely strength enhancement influence
of concrete modified with nano-silica is typically more vis-
ible [54, 55]. However, the number of nano-SiO, particles
used in the pozzolanic reaction rapidly decreased with the
interruption in curing time, which reduced the impact of
nano-silica-modified concrete on later-stage compression
enhancement.

Split Tensile Strength

An estimate of the maximum strain on a tension face of an
unreinforced concrete beam at the point of collapse in bend-
ing is known as the split tensile strength [56]. To determine
the load at which the concrete components may collapse,
the tensile strength of concrete must be estimated [56]. By
dividing the maximum applied load with appropriate geo-
metrical variables, it is possible to investigate the split ten-
sile strength [58]. Typically, hardened concrete is used to
determine tensile strength. A slight change in the water to
cement ratio, an increase in slump, the proportioning of the
ingredients, etc., can have an impact on the anticipated con-
crete strength. The strength and stability of the buildings are
consequently affected [58].

The split tensile strength of concrete can be improved by
incorporating with silica nanoparticles. Alireza khaloo et al.
investigated the splitting strength of diverse particle diam-
eters of nano-SiO, by incorporating varying sizes of nano-
Si0, into concrete [56]. They observed a more enhanced
improvement in the splitting tensile strength of concrete
modified with 12 nm nano-SiO, when compared to the con-
crete modified with 7 nm nano-SiO,. In a completely differ-
ent study, Reddy et al. investigated the split tensile strength
of variable concrete modified with nano-silica-concrete
cubes and 25% of Fly ash substitute for cement [57]. The
split tensile strength of the entire types of the investigated
concrete modified with nano-silica mixes was observed to be
more superior to the traditional concrete. Interestingly, the
split tensile strength of all the concrete mixes was observed
to increase with time. Among the examined proportion of
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nano-silica blend, the concrete mix containing 1% nano-sil-
ica exhibited the highest strength when compared to other
blended concrete mixes. Adetukasi et al. investigated the
splitting tensile strength of fibre-reinforced concrete modi-
fied with polypropylene (PP) and nano-silica (NS) [58].
The outcome of their investigation recorded an optimum
tensile strength of 3.48 N/mm? at 0.75% PP and 10% NS.
The lowest tensile strength of 2.58 N/mm? was recorded by
the standard concrete. Overall, the tensile strength of the
concrete improved with an increase in the contents of both
nanosilica and polypropylene fibre.

Fallah et al. substituted cement with 3% nano-SiO, to
fabricate concrete and investigated the impacts of the modi-
fication on its splitting tensile strength [59]. The authors
observed an improvement of 16.10% splitting tensile
strength when compared to ordinary concrete. However,
the modification of concrete with silica fume led to more
improvement in the splitting tensile strength of the concrete
when compared to the concrete modified with nano-SiO,.

In comparison to the conventional concrete, an increment
of 35% split tensile strength of nano-SiO, modified concrete
was seen when the concrete was modified with 4% nano-
Si0O,. The introduction of 0.3% steel fiber, 4% nano-SiO,
0.2% glass fiber and 0.2% polypropylene fiber boost the split
tensile strength of nano-SiO, modified carbon fiber concrete
by 57%, 90%, and 77%, respectively, in comparison to the
standard concrete. This observation can be ascribed by the
improvement of the interface strength between the aggregate
and concrete matrix induced by the addition of nano-SiO,
[59]. Palla et al. investigated the split tensile strength on con-
crete cylinders modified with nanosilica [41]. They observed
an increase in the split tensile strength with increase in aging
and the content of silica nanoparticles. About 9% compres-
sive strength at 28 days in all the mixes was observed for the
split tensile strength at 28 days of ageing. Figure 3 shows
the Split tensile strength of the control concrete and con-
crete modified with silica nanoparticles. The reviewed stud-
ies shows that the addition of nano-SiO, to concrete does
reinforce it, but likewise functions as a filling agent, which
fills the concrete pores.

Flexural Strength

The ability of concrete to withstand bending forces applied
perpendicular to its longitudinal axis is known as flexural
strength. Beams, pavement, and slabs are just a few exam-
ples of the many structural components that can bend or
flex. In order to withstand tensile or bending stresses, con-
crete compositions must have a flexural strength [60]. The
trend of flexural strength and compressive strength in nano-
silica-modified concrete is strikingly comparable. Due to
differences in water-cement ratios, the ideal concentration of
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Fig.3 Split tensile strength of control and SNPs incorporated speci-
mens [40]

nano-Si02 that effects the enhancement of flexural strength
of concrete typically varies [61]. Ltifi et al. discovered
an increase in the flexural strength of the mortar with an
increase in the nano-SiO, content from 3 to 10% [62]. A
similar investigation by Rong et al. observed the optimal
flexural strength at curing for 3 days, 7 days, 28 days and
90 days for concrete modified with nano-SiO, content of
3% [51]. The significant performance of nano-SiO, on the
flexural features of carbon fibre-reinforced concrete on treat-
ment with high-temperature has been reported. Wu et al.
discovered that nano-SiO, carbon fibre-reinforced concrete
(NSCFRC) modified with 1wt% 0.15vo0l% carbon fibre and
nano-Si0, exhibited the most heightened flexural strength
at room temperature and improvement in residual flexural
strength of NSCFRC with different content of nano-SiO, to
a certain extent compared to carbon fibre concrete (0.15%
carbon fibre) at varying temperatures [63]. Another study
observed an optimal increment of 40% flexural strength of

concrete-on-concrete modification of 4% carbon fibre con-
tent when compared to regular concrete [64]. The bending
strength of fiber reinforced concrete increased by 53%, 67%,
and 75%, respectively, on modification with nano-SiO, and
different types of fibers (0.2% polypropylene fiber, 0.3%
steel fiber and 0.2% glass fiber) in comparison to the regu-
lar concrete. This is mostly attributed to the improvement
of the structural properties and adhesion between the inter-
face region and fiber induced by the pozzolanic impact and
nano-SiO, filler. Palla et al. examined the flexural strength
of concrete prism modified with silica nanoparticles under
four points bending at 28 days [60]. Figure 4 shows the SEM
micrographs of the control and concrete modified with 2%
silica nanoparticles at 28 days, while Fig. 5 shows the flex-
ural strength of control and concrete modified with silica
nanoparticles at 28 days. The outcome revealed a consider-
able enhancement in the flexural strength of the concrete
modified with silica nanoparticles. The gained strength can
be ascribed to secondary C—S—H gel development.

Challenges of Modifying Concrete
with Nano-silica

Nano concrete exhibits outstanding performance due to
its large surface area. At the same time, some difficulties
in its usage have also received attention from intellectuals
[64]. For instance, a heightened specific surface area has
been shown to boost the performance of concrete, it also
facilitates the aggregation of nano-SiO, which influences
the dispersion effect in the water [64]. Also, the colloidal
silica sol comprising monodisperse nanoparticles easily
forms floccules and coatings on cement particle's surfaces

Fig.4 SEM micrographs of control a and 2% SNPs incorporated b concrete specimens at 28 days of maturity [60]
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Fig.5 Flexural strength of control and SNPs incorporated specimens
at 28 days [60]

after combining with cement [65]. These floccules can freely
retain unrestricted water, which is more apparent than the
improvement induced by the hydration influence of nano-
Si0,. Thus, the usage of colloidal silica sol in concrete
deserves consideration awareness.

Human Fibroblasts

A fibroblast is a type of biological cell that encourages the
production of collagen and extracellular matrix, activates the
stromal support system for animal tissues, and plays a cru-
cial role in the healing of wounds [66]. The main cells that
produce and maintain the extracellular matrix (ECM) in the
connection of the tissue are fibroblasts [66]. Depending on
their origin, fibroblasts play an important role in non-path-
ological tissue remodeling and diseases such fibrosis [67].
Fibrosis is a common pathogenic trait of chronic inflamma-
tory diseases and can affect almost all bodily tissues [67].
Numerous biological functions and various cell types are
impacted by fibrosis, particularly fibroblasts, which are acti-
vated when their phenotypic changes [68]. Fibroblasts are
a complex and flexible collection of cells that originated
from embryonic mesoderm and are engaged in several cel-
lular processes in connective tissue [68]. As a result, they
can be found in almost all bodily tissues and organs. In
fibroblasts, an elliptical, speckled nucleus with two or more
extra nucleoli is surrounded by branching cytoplasm [69].
The sizeable, tough endoplasmic reticulum that functional
fibroblasts have can be used to identify them [69]. Fibro-
blasts that are not operating (also known as fibrocytes) are
smaller, more spindle-shaped, and contain less rough or
rugged endoplasmic reticulum [70]. Fibroblasts frequently
localize in parallel clusters when congested, despite the fact
that they are separated and deconstructed when the covering
of a broad space is required [70]. Contrary to the epithelial
cells that line body structures, fibroblasts do not form flat
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monolayers, nor are they hindered by a polarizing extension
to a basal lamina on one side, though they may occasionally
be helpful to basal lamina constituents (for example, sub-
epithelial myofibroblasts in the intestine may secrete the a-2
chain-carrying integrant of the laminin, which is absent in
regions of Contrary to epithelial cells, fibroblasts can move
separately and gradually over a substrate [71].

In order to maintain the structural integrity of connective
tissues, extracellular matrix precursors, which are continu-
ously secreted by fibroblasts, are essential [72]. The ante-
cedents of every element of the extracellular matrix, mostly
a mixture of fibers and the ground substance, are secreted
by fibroblasts [72]. The extracellular matrix compositions
determine the physical characteristics of connective tissues.
Similar to other connective tissue cells, fibroblasts can be
produced from primitive mesenchyme [72]. As a result,
they have the ability to carry the intermediate filament pro-
tein vimentin, which is used as a marker to identify their
mesodermal root [73]. This investigation is not thorough,
nevertheless, because epithelial cells cultivated in vitro on
an adherent substrate may eventually express vimentin [73].
Epithelial-mesenchymal transition (EMT) is a process that,
under certain circumstances, can cause epithelial cells to
transform into fibroblasts [74]. On the other hand, in some
circumstances fibroblasts may go through a mesenchymal
to epithelial transition (MET) and become epithelia, assem-
bling into a polarized, condensed, and lateral connected
epithelial sheet [74]. This tactic is seen during many devel-
opmental processes, including cancer, wound healing, and
the development of the notochord and nephron [74].

Response of Human Fibroblasts
to Nanosilica

Growing use of goods based on nanoparticles and rising
human exposure to NPs have sparked questions about how
safe NPs are for people [75]. Inhalation is one of the main
mechanistic routes through which people are exposed to
NPs, and it is widely believed that when exposed to NPs,
pulmonary inflammation is a regular phase [76] that initiates
ongoing inflammation and results in irreparable lung injury
[77]. One of the most well-known and often utilized NPs is
silica, which has uses in paint, printer toner, paint additives,
cosmetics, and medicine administration [77]. For instance, it
has been demonstrated that exposure to Silica NPs causes a
substantial rise in pro-inflammatory cytokines and immune
cell infiltration in vivo in bronchoalveolar lavage fluids
(BALFs) [41]. Additionally, this conclusion is supported
by the clear logical connection between exposure to silica
NPs and lung fibrosis in animal models [78]. Crystalline
and amorphous silica have been classified by the Interna-
tional Agency for Research on Cancer (IARC) as group 1



Biomedical Materials & Devices

and group 3 materials, respectively, based on the strength
of the evidence supporting their carcinogenicity to people
and experimental animals [79]. To better understand the
underlying mechanisms, it is crucial to assess how human
fibroblasts react when exposed to NPs, especially Silica NPs.

The probable harmful impacts in murine (3T3-L1) and
human (WI-38) fibroblast cell lines of commercially avail-
able silica nanoparticles (NPs), Ludox CL (nominal size
21 nm) and CL-X (nominal size of 30 nm) were examined
by Stepnik et al. with special attention to the impact over
prolonged periods of exposure (72 h exposure up to 7 days)
[80]. Both formulations differed in Physico-chemical fea-
tures and displayed dissimilar stabilities in the cell culture
medium that was utilized during the investigations. Aggre-
gation of the CL-X silica NPs incorporated with ethylene
glycol was observed at more elevated concentrations over
the 72 h exposure. The NPs were observed to be more toxic
to both mouse and human fibroblasts than the CL silica
NPs coated with alumina, presumably in relation to the
observed aggregation. Ludox CL silica NPs were seen to
be exclusively toxic at elevated concentrations to the WI-38
cells (LDH and WST-1 assays) but not to the 3T3-L1 cells.
However, the less stable ludox CL-X silica NPs over 72 h
exposure were toxic to both cell lines in the assays. In the
clonogenic assay, a concentration-reliant reduction in the
surviving fraction of 3T3-L1 cells was instigated by both
silica nanoparticles, with the Ludox CL-X silica NPs being
more toxic. Examination of the cell cycle revealed an altera-
tion in both cell lines at dissimilar phases with both inves-
tigated silica NPs. Ludox CL-X mixed with buthionine sul-
foximine (y-glutamylcysteine synthetase inhibitor) displayed
an intense reduction in 3T3-L1 cell viability as opposed to
the WI-38 cell line. The impact of nanomaterials, particu-
larly, silica nanoparticles on cells can be achieved on pro-
long exposure.

Similar research was conducted by Voicu et al., who used
a laser ablation technique to create stable SiO, nanoparticles
and then looked at the inflammatory response in MRC-5
human lung fibroblasts up to 72 h after exposure to amor-
phous SiO, NPs [37]. To investigate the intracellular distri-
bution of SiO2 NPs and cell survival, lactate dehydrogenase
(LDH) testing and transmission electron microscopy (TEM)
were used. Interleukin (IL)-1, IL-2, IL-6, IL-8, and IL-18
protein expression, lysosome formation, Nrf2, nitric oxide
(NO) production, and TNF- production were also studied.
The outcome of the experiment showed that exposure to
the silica nanoparticles causes the level of lysosomes to
increase with time (Fig. 6). While COX-2 and interleukins
expressions were elevated, MMP-2 and MMP-9 expres-
sions and activity decreased in a time-dependent manner.
Negatively charged 10-nm SiO, NPs were incubated, which
caused the overexpression of NF-kB and the downregula-
tion of MMP activities, which promoted proinflammatory

markers and anti-inflammatory IL-2. These effects are most
likely the outcome of the physicochemical properties of the
investigated NPs. It is simpler for silanol oxygen to attack
the electrophilic carbonyl groups of protein peptide bonds
and change their biological function and tridimensional con-
formation because silica nanoparticles have a nucleophilic
nature. Numerous potential effects could arise at the level
of the lung fibroblasts as a result of the oxidative stress and
inflammation that are produced. The scientists came to the
conclusion that 62.5 g/mL of SiO, NPs can cause an inflam-
matory response in MRC-5 cells. The results of this study
can be used to enhance scar tissue, a fibrosis symptom, and
the deposition of increasing amounts of extracellular matrix
components.

It has been sufficiently documented that silica particles
experience a process of dissolution in a biological medium,
even if it is hindered by protein's existence [38]. Apart from
earlier documentation on biopolymer-silica NPs that dem-
onstrated the degradation prone nature of the bio-organic
component over 48 h and visibility of silica fragments inside
the cells [81], the possibility for intra-cellular dissolution of
internalized particles started recording plausible success in
2012. If achieved, such an intracellular degradation opera-
tion may have numerous significant inferences: (i) outward
liberation of soluble silicates in combination with particle
exocytosis, and more significantly, if drug delivery usage is
single out (ii) intra-cellular generation of silica oligomers
or silicic acid that may affect universally their toxicity, (iii)
stimulated the discharge of bioactive molecules originally
entrapped within the silica colloids.

A previous study hypothesized that the uptake endoso-
mal fate-exocytosis route must be examined for a prolonged
duration (not less than 2 weeks) and that cautiousness must
be used to differentiate soluble silica species from colloidal
ones. Certainly, it has been authenticated that lengthier peri-
ods of exposure to silica particles could improve their uptake
in HepG?2 cells [82]. Also, they can instigate an increment in
the local dose, exposure to the product of dissolution of the
exocytosis or particles and cell-to-cell particles transfer [83].
Non-porous fluorescent silica nanoparticles with different
surface charges and sizes (10 nm to 200 nm) were created
by Quignard et al. [84], and their prolonged contact with
human dermal fibroblasts was studied. The possible use of
silica particles in cosmetics and their ability to penetrate skin
served as the inspiration for this investigation. After 4 h of
contact with human dermal fibroblasts at 37 °C, fluorescence
microscopy analysis of the silica NPs indicated the presence
of positively charged green 200 nm fluorescent nanoparticles
nearby the fibroblast cells (Fig. 7a). These cells revealed the
spindle-shaped morphology of typical fibroblasts, which was
consistent with the nucleus membrane and the traditional
red fluorescence signal of the WGA-AlexaFluor555-labeled
external cell wall. Internalization of the NPs in intracellular
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Control

SiO2 NPs

Fig.6 Transmission electron microscopy images of MRC-5 cells
with SiO, NPs treatment for 24 h a, 48 h b, and 72 h c. Silica nano-
particles (SiO, NPs) were not observed in untreated cell controls and
the cellular structures were unchanged at 24 h, 48 h, and 72 h (a, e, i);
Electron-dense SiO, NPs were spread in cytoplasm, lysosomes, and
autophagic vacuoles in SiO, NP-treated cells, which increased with

vesicles was seen after the positively charged 40 nm silica
particles were exposed to the fibroblast cell. The cells appear
longer when the positively charged 10 nm silica NPs are
present, indicating some sort of physiological disruption.
Very few silica particles are visible at the cell surface, and
internal vesicles are more prevalent (Fig. 7c) The number
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1 2 um

exposure time (d.g.j). The magnification view of the selected area
(red circles) showed autophagic vacuoles (arrowheads) containing
aggregated SiO, NPs (e, h, k); Figures (f, i, 1) illustrated SiO, NPs-
loaded lysosomes (arrows) and cytoplasmic SiO, NPs (green circle).
Scale bars: 2 um (a—d, g, j); 1 um (e, h, k); 500 nm (£, i, I). Magnifi-
cation: (a—d, g, j) 6000x; (e, h, k) 11,500x; (f, i, 1) 20,500x. [37]

of cells with unclear morphology that were detected for
silica nanoparticles smaller than 10 nm was extremely low
(Fig. 7d). These findings demonstrate that the negatively
charged silica NPs considerably exacerbated the condi-
tion after 4 h. After 24 h of contact, the cells still retained
their form and density while containing large numbers of
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b

Nucleus

Internalized NP
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Positive 10 nm
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Fig.7 Fluorescence optical imaging of human dermal fibroblast
cells after 4 h (left-hand column) and 24 h (right-hand column) con-
tact with (a,e) Si+200, (b,f) Si+40, (c,g) Si+10 and (d, h) Si-10
nanoparticles. WGA-AlexaFluor555 and Lysosensor yellow-blue

positively charged 200 nm and 40 nm silica nanoparticles as
well as an increased density of intracellular vesicles (Fig. 7e,
f). This might be a sign that they correlate with endosomes

endosome

were used for red staining of the membrane and blue staining of the
endosomes, respectively. Green fluorescence corresponds to FITC.
(Scale bar: 20 mm) [84]

rather than lysosomes more closely. After 24 h of exposure,
the positively charged 10 nm silica nanoparticles continued
to elongate and fibroblast cell numbers decreased (Fig. 7g).
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Negatively charged 10 nm silica nanoparticle aggregates
with a significant reduction in cell density (Fig. 7h). It is
possible to investigate the internalization process quantita-
tively by tracking the FITC signal's intracellular intensity.
Within the first 24 h, positively and negatively charged
10 nm silica nanoparticles were significantly and quickly
integrated in this study, however, the integration process of
positively charged 200 nm and 40 nm silica nanoparticles
was 10 times slower. The TEM study of the cells concurred
with the aforementioned observations. This work demon-
strates the potential use of non-porous silica particles in
intracellular drug release mechanisms.

Collagen-based nanocomposites have been fabricated
using silica NPs [85]. Desimone et al. synthesized colla-
gen-silica NPs composite scaffolds for encapsulation of
fibroblast cells, and demonstrated their biocompatibility
[85]. The use of 3D matrices particularly bioglass nano-
particles for the repair of bones, [86], as well as for the
elaboration of medicated wound dressings have been docu-
mented [87]. The fact that only spherical silica nanoparti-
cles have so far been utilized explicate why described pro-
gress in mechanical features stayed modest [87]. Several
studies have established reasonable interaction of collagen
with the surface of nanosilica via attractive electrostatic
interactions [88], but the effect of the interaction of parti-
cle morphology with collagen is limited in the literature.
The interactions of silica nanoparticles in solution with
mammalian cells has been comprehensively examined to
illuminate the impact of both external (culture medium,
type of cells, contact time, concentration) and intrinsic
(morphology, including size, internal structure and surface
chemistry) parameters [41, 89]. Existing facts about cell
behavior on the surfaces of silica NPs points out the fun-
damental function of adhesion silica/ protein interactions
that is greatly dependent on chemistry and surface topol-
ogy [90]. Concentration and particle diameter have previ-
ously been shown to influence the proliferation in 2D /3D
and fibroblast adhesion in 2D for collagen-silica nanocom-
posites [91]. This disparity was explained as a result of a
myriads of factors comprising rugosity and modification of
the surface chemistry, as well as change in the mechanical
properties. In this regard, Shi et al. theorized that the usage
of greatly anisotropic silica particles with one dimension
equivalent to the scale of collagen fibrils and fibroblast
cells would permit the promotion, and hence improved
examination and interactions existing between the una-
like constituents of the ternary protein-mineral-cell system
[92]. The authors accomplished this goal by generating
new collagen-based composite hydrogels within a broad
concentration ranges and ratios using silica nanorods. The
influence on human dermal fibroblast adhesion and pro-
liferation as well as the rheological and structural features
of the nanocomposites were investigated as a function of

@ Springer

protein and nanoparticle content. Differentiation of the
bio-mineral interactions regimes were correlated using
mechanical responses, while the intrinsic properties of
each component of the nanocomposite hydrogel was linked
to the fate of seeded cells. High concentrations of colla-
gen were advantageous to the mechanical features of the
nanocomposite materials whereas the existence of silica
nanorods in the nanocomposiites at high or low content
could lead to an outcome that is very encouraging. Elec-
tron microscopy analysis shows good homogeneity of
NPs with rodlike shape and powerful biomineral interac-
tions, highlighting the factual composite nature of these
materials (Figs. 7, 8, 9). In contrast, the investigations of
proliferation and adhesion showed that, in spite of these
interactions, fibroblasts can distinguish between the inor-
ganic phases and the protein and also infiltrate the colla-
gen network to restrict uninterrupted contact with silica.
The authors concluded that such a divergence between
biological responses and physico-chemical properties has
key implications for the estimation of the in vivo fate of
nanocomposite biomaterials.

The effects of surface nano-patterning on oral early Strep-
tococcus mitis adhesion, the opportunistic pathogen Staphy-
lococcus aureus adhesion, commensal colonizer adhesion,
and human fibroblasts adhesion in a laminar flow cell were
investigated by Kallas et al. [93]. In order to create nano-
structured surfaces, glass substrates were functionalized with
40 nm SiO, nanoparticles. By creating gradients in nanopar-
ticle surface coverage, the impact of nanoparticle spacing
within a single experiment was examined. An examination
of bacterial adhesion after five minutes of contact involved
exposing surfaces to a flow using a laminar flow chamber.
To further examine the effect of the particles on human cells,
the growth of primary human dermal fibroblasts (HDFa)
and the emergence of focal adhesion were evaluated at 4
and 24 h. In comparison to smooth surfaces, S. mitis and S.
aureus adhesion was decreased on surfaces functionalized
with nanoparticles, increasing the surface coverage of the
particles. According to the regression analysis, S. mitis was
more sensitive to surface modification than S. aureus. For
the investigation of human dermal fibroblasts, the authors
found that cells cultivated on the assembled component of
the bi-functional nanostructured surfaces for both 4 and 24 h
had less focal adhesions. We explain these results by the few
sites of contact between the cells and the nanoparticle-pro-
vided substrate. The findings of this study could be applied
to future prostheses and implant surfaces to reduce bacterial
adherence.
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Fig.8 Selected SEM images of
SiNRs—collagen nanocompos-
ites at collagen concentrations
10, 20, and 30 mg mL~" and
silica concentration of 60 and
120 mg mL.™! (scale bar =10
pm). SEM, scanning electron
microscopy; SiNRes, silica
nanorods [92]

Col 10 mg.mL"

Col 20 mg.mL"!

Col 30 mg.mL"1

Conclusion

We briefly reviewed how the mechanical properties of con-
crete such as compressive strength, split tensile strength, and
flexural strength are affected by the addition of nano-SiO,.
The incorporation of nano-SiO, considerably enhances the
aforementioned qualities, according to a review of numerous
studies. One significant drawback of using nano-SiO2 sol is
that, after mixing with cement, it quickly produces floccules
and coatings on the surfaces of the cement particles, mak-
ing it freely retain unlimited water, which is more noticeable
than the benefit brought on by the influence of nano-SiO,. To
address this issue, additional research must be conducted. The
impact of silica nanoparticles on human fibroblast response
was also examined in this study. It has been demonstrated that

SiNRs 60 mg.mL"

SiNRs 120 mg.mL""

the interaction of silica nanoparticles with human fibroblast
cells results in an inflammatory response, internalization of
the NPs in intracellular vesicles, improvement in their uptake
in HepG?2 cells with increased periods of silica NPs exposure,
a decrease in the number of focal adhesions for cells cultured
on the assembled portion of the bi-functional silica nanostruc-
tured surfaces, significant cell deterioration, elongation and
reduction, etc. The controlled interaction of silica nanopar-
ticles with human fibroblast cells may be utilized for a num-
ber of practical applications, such as cosmetics, intracellular
drug release systems, the deposition of increasing amounts of
extracellular matrix components, the progression of scar tis-
sue, a defining feature of fibrosis, the estimation of the in vivo
fate of biomaterials, and the design of potential prostheses and
implant surfaces to lessen bacterial adhesion.
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Fig.9 TEM of a 20 mg mL ™"
collagen. b 10 mg mL~! col-
lagen, 120 mg mL~' SiNRs. ¢
20 mg mL~! collagen, 60 mg
mL~! SiNRs. d 30 mg mL~!
collagen, 30 mg mL.~! SiNRs.
Scale bar: left-hand column:
500 nm; right-hand column:
200 nm. SiNRs, silica nanorods;
TEM, transmission electron
microscopy [92]

Declarations References

Conflict of interest The authors declare that they have no known com- 1. P.K. Priyap, S. Vanitha, Effect of nano silica on the properties
peting financial interests or personal relationships that could have ap- of concrete and mortar - A state of art. Int. Rev. Appl. Sci. Eng.
peared to influence the work reported in this paper. 13(1), 70-79 (2021)

2. G. Quercia, A. Lazaro, J.W. Geus, H.J.H. Brouwers, Charac-
terization of morphology and texture of several amorphous

@ Springer



Biomedical Materials & Devices

10.

11.

12.

13.

14.

15.

nano-silica particles used in concrete. Cem. Concr. Compos.
44(77-92), 2013 (2013)

S.0. Omorogbe, S.O. Ikhuoria, I.H. Ifijen, A. Simo, A.Il. Aig-
bodion, M. Maaza, Fabrication of monodispersed needle-sized
hollow core polystyrene microspheres. The Minerals, Metals
& Mater Soc (ed.), TMS 2019 148th Annual Meeting & Exhib
Supplem Proceedinds, pp. 155-164, 2019

S.0. Omorogbe, A.I. Aigbodion, H.I. Ifijen, N. Ogbeide-lhama,
A. Simo, E.U. Ikhuoria, Low temperature synthesis of super para-
magnetic Fe;O, morphologies tuned using oleic acid as crystal
growth modifier. In book: TMS, 149th Annual Meeting & Exhibi-
tion Supplem Proceedings, pp. 619-631, 2020

LH. Ifijen, E.U. Ikhuoria, Generation of highly ordered 3d vivid
monochromatic coloured photonic crystal films using evaporative
induced technique. Tanzania J. Sci. 45(3), 439449 (2019)

L.H. Ifijen, E.U. Ikhuoria, Monodisperse polystyrene micro-
spheres: studies on the effects of reaction parameters on particle
diameter. Tanzania J. Sci. 46(1), 19-30 (2020)

LH. Ifijen, E.U. Ikhuoria, S.O. Omorogbe, Correlative studies on
the fabrication of poly (styrene-methyl-methacrylate-acrylic acid)
colloidal crystal films. J dispersion sci and tech 40(7), 1-8 (2018)
I.H. Ifijen, E.U. Ikhuoria, S.O. Omorogbe, A.I. Aigbodion,
Ordered colloidal crystals fabrication and studies on the proper-
ties of poly (styrene-butyl acrylate-acrylic acid) and polystyrene
latexes. In: Srivatsan T., Gupta M. (eds) Nanocomposites VI:
Nanoscience and Nanotechnology in Advanced Composites. The
Minerals, Metals & Mater Series. Springer, Cham. pp. 155-164,
2019a

LH. Ifijjen, M. Maliki, O.B. Ovonramwen, A.I. Aigbodion, E.U.
Ikhuoria, Brilliant coloured monochromatic photonic crystals
films generation from poly (styrene-butyl acrylate-acrylic acid)
latex. J. Appl. Sci. Environ. Manag. 23(9), 1661-1664 (2019)
LH. Ifijen, S.O. Omorogbe, M. Maliki, I.J. Odiachi, A.I. Aigbo-
dion, E.U. Ikhuoria, Stabilizing Capability of Gum Arabic on the
Synthesis of Poly (styrene-methylmethacrylate-acrylic acid) latex
for the generation of colloidal crystal films. Tanzania J Sci 46(2),
345-435 (2020)

S.0. Omorogbe, E.U. Ikhuoria, L.I. Igiechon, G.O. Agbonlahor,
LH. Ifijen, A.I. Aigbodion, Characterization of sulphated cellulose
nanocrystals as stabilizer for magnetite nanoparticles synthesis
with improved magnetic properties. Nig J. Mater. Sci. Eng. 7(2),
23-31 (2017)

LH. Ifijen, E.U. Ikhuoria, M. Maliki, G.O. Otabor, A.I. Aigbodion,
Nanostructured materials: a review on its application in water
treatment. In: The Minerals, Metals & Materials Society (eds)
TMS 2022 151st Annual Meeting & Exhibition Supplemental
Proceedings. The Minerals, Metals & Materials Series. Springer,
Cham. pp. 1172-1180, 2022

I.H. Ifijen, O.N. Aghedo, I.J. Odiachi, S.O. Omorogbe, E.L.
Olu, I.C. Onuguh, Nanostructured Graphene Thin Films: A brief
review of their fabrication techniques and corrosion protective
performance. In: The Minerals, Metals & Materials Society (eds)
TMS 2022 151st Annual Meeting & Exhibition Supplemental
Proceedings. The Minerals, Metals & Materials Series. Springer,
Cham. pp. 366-377, 2022

LH. Ifijen, M. Maliki, S.O. Omorogbe, S.D. Ibrahim, Incorpora-
tion of metallic nanoparticles into alkyd resin: a review of their
coating performance. In: The Minerals, Metals & Materials Soci-
ety (eds) TMS 2022 151st Annual Meeting & Exhibition Sup-
plemental Proceedings. The Minerals, Metals & Materials Series.
Springer, Cham. pp. 338-349, 2022

LH. Ifijen, M. Maliki, I.J. Odiachi, O.N. Aghedo, E.B. Ohi-
ocheoya, Review on solvents based alkyd resins and water borne
alkyd resins: impacts of modification on their coating properties.
Chem. Afr. 5, 211-225 (2022)

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

S. Gopinath, P.C.H.M. Mouli, A.R., Iyer, N.R. Maheswaran, S.,
Effect of nano silica on mechanical properties and durability
of normal strength concrete. Arch. Civ. Eng. LVIII 4, 433-444
(2012)

P. Brzozowski, J. Strzatkowski, P. Rychtowski, R. Wrébel, B.
Tryba, E. Horszczaruk, Effect of nano-SiO, on the microstruc-
ture and mechanical properties of concrete under high temperature
conditions. Materials 15, 166 (2022)

E. Horszczaruk, P. Lukowski, C. Seul, Influence of Dispersing
Method on the Quality of Nano-Admixtures Homogenization in
Cement Matrix. Materials 13, 4865 (2020)

. LH. Ifijen, E.U. Ikhuoria, A.I. Aigbodion, S.0. Omorogbe, Impact

of varying the concentration of tetraecthyl-orthosilicate on the aver-
age particle diameter of monodisperse colloidal silica spheres.
Chem. Sci. J. 9(1), 183-185 (2018)

E.U. Ikhuoria, I.H. Ifijen, O.P. Georgina, A.C. Ehigie, S.O.
Omorogbe, A.L. Aigbodion, The adsorption of heavy metals from
aqueous solutions using silica microparticles synthesized from
sodium silicate. Ni-Co 2021: The 5th Intn’l Symposium on Ni
and Co. 195-205, 2020

LH. Ifijen, A.B. Itua, M. Maliki, C.O. Ize-Iyamu, S.O. Omorogbe,
A.lL. Aigbodion, E.U. Ikhuoria, The removal of nickel and lead
ions from aqueous solutions using green synthesized silica micro-
particles. Heliyon 6(9), e04907 (2020)

C.K. Mahapatra, S.V. Barai, Temperature impact on residual prop-
erties of self-compacting based hybrid fiber reinforced concrete
with fly ash and colloidal nano silica. Constr. Build. Mater. 198,
120-132 (2019)

F. Shahrajabian, K. Behfarnia, The effects of nano particles on
freeze and thaw resistance of alkali-activated slag concrete. Con-
str. Build. Mater. 176, 172-178 (2018)

S.M.A. El-Gamal, S.A. Abo-El-Enein, F.I. El-Hosiny, M.S. Amin,
M. Ramadan, Thermal resistance, microstructure and mechanical
properties of type I Portland cement pastes containing low-cost
nanoparticles. J. Therm. Anal. Calorim. 131, 949-968 (2018)
M. Heikal, M.N. Ismail, N.S. Ibrahim, Physico-mechanical,
microstructure char-acteristics and fire resistance of cement
pastes containing Al,O; nano-particles. Constr. Build. Mater. 91,
232-242 (2015)

M.H. Irshidat, M.H. Al-Saleh, Thermal performance andfire
resistance of nanoclaymodified cementitious materials. Construct.
Build. Mater. 159, 213-219 (2018)

P. Sikora, M.A. Elrahman, S.Y. Chung, K. Cendrowski, E.
Mijowska, D. Stephan, Mechanical and microstructural proper-
ties of cement pastes containing carbon nanotubes and carbon
nanotube-silica core-shell structures, exposed to elevated tempera-
ture. Cem. Concr. Compos. 95, 193-204 (2019)

S. Senapati, A.K. Mahanta, S. Kumar, P. Maiti, Controlled drug
delivery vehicles for cancer treatment and their performance. Sig-
nal Transduct. Target Ther. 3, 7 (2018). https://doi.org/10.1038/
$41392-017-0004-3

D. Knopp, D. Tang, R. Niessner, Bioanalytical applications of bio-
molecule functionalized nanometer-sized doped silica particles.
Anal. Chim. Acta 647, 14-30 (2009)

I.I. Slowing, J.L. Vivero-Escoto, C.W. Wu, V.S.Y. Lin,
Mesoporous silica nanoparticles as controlled release drug deliv-
ery and gene transfection carriers. Adv. Drug Deliv. Rev. 60,
1278-1288 (2008)

LH. Ifijen, M. Maliki, A comprehensive review on the synthesis
and photothermal cancer therapy of titanium nitride nanostruc-
tures. Inorg. Nano-Met. Chem. (2022). https://doi.org/10.1080/
24701556.2022.2068596

A. El-Sayed, M. Kamel, Advances in nanomedical applications:
diagnostic, therapeutic, immunization, and vaccine production.
Environ. Sci. Pollut. Res. 27, 19200-19213 (2020)

@ Springer


https://doi.org/10.1038/s41392-017-0004-3
https://doi.org/10.1038/s41392-017-0004-3
https://doi.org/10.1080/24701556.2022.2068596
https://doi.org/10.1080/24701556.2022.2068596

Biomedical Materials & Devices

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

J.M. Rosenholm, C. Sahlgren, M. Linden, Towards multifunc-
tional, targeted drug delivery systems using mesoporous silica
nanoparticles- opportunities & challenges. Nanoscale 2, 1870-
1883 (2010)

S. Kim, T.Y. Ohulchanskyy, H.E. Pudavar, R.K. Pandey, P.N.
Prasad, Organically modified silica nanoparticles co-encapsulat-
ing photosensitizing drug and aggregation-enhanced two-photon
absorbing fluorescent dye aggregates for two-photon photody-
namic therapy. J. Am. Chem. Soc. 129, 2669-2675 (2007)

A. Vakurov, R. Drummond-Brydson, N. William, D. Sanver, N.
Bastis, O.H. Moriones, V. Puntes, A.L. Nelson, Heterogeneous
Rate Constant for Amorphous Silica Nanoparticle Adsorption
on Phospholipid Monolayers. Langmuir (2022). https://doi.org/
10.1021/acs.langmuir.1c03155

M. Sajid, M. Ilyas, C. Basheer, M. Tariq, M. Daud, N. Baig, F.
Shehzad, Impact of nanoparticles on human and environment:
Review of toxicity factors, exposures, control strategies and
future prospects. Environ. Sci. Pollut. Res. Int. 22, 4122-4143
(2015)

S.N. Voicu, M. Balas, M.S. Stan, B. Trica, A.I. Serban, L. Stanca,
A. Hermenean, A. Dinischiotu, Amorphous silica nanoparticles
obtained by laser ablation induce inflammatory response in human
lung fibroblasts. Materials 12, 1026 (2009)

G.J. Owensa, R.K. Singh, F. Foroutan, M. Alqaysi, C. Han, C.
Mahapatra, H. Kim, J.C. Knowles, Sol-gel based materials for
biomedical applications. Prog. Mater. Sci. 77, 1-79 (2016)

M. Shoeb, P. Joseph, V. Kodale, G. Mustafa, B.Y. Farris, C.
Umbright, J.R. Roberts, A. Erdely, J.M. Antonini, Silica inha-
lation altered telomere lengh and gene expression of telomere
regulatory proteins in lung tissue of rats. Sci. Rep. 7, 17284 (2017)
F. Turci, C. Pavan, R. Leinardi, M. Tomatis, L. Pastero, D. Garry,
S. Anguissola, D. Lison, B. Fubini, Revisiting the paradigm of
silica pathogenicity with synthetic quartz crystals: The role of
crystallinity and surface disorder. Part Fibre Toxicol. 13, 32
(2016)

S. Murugadoss, D. Lison, L. Godderis, S.V.D. Brule, J. Mast, F.
Brassinne, N. Sebaihi, P.H. Hoet, Toxicology of silica nanoparti-
cles: an update. Arch. Toxicol. 91(9), 2967-3010 (2017)

M.S. Stan, C. Sima, L.O. Cinteza, A. Dinischiotu, Silicon-based
quantum dots induce inflammation in human lung cells and dis-
rupt extracellular matrix homeostasis. FEBS J. 282, 2914-2929
(2015)

Park, H.J.; Sohn, J.-H.; Kim, Y.-J.; Park, Y.H.; Han, H.; Park,
K.H.; Lee, K.; Choi, H.; Um, K., Choi, I.H., Park, J., Lee, J.
(2015). Acute exposure to silica nanoparticles aggravate airway
inflammation: Different effects according to surface characteris-
tics. Exp. Mol. Med. 47(7):173-.

J. Wu, Y. Han, X. Zou, K. Zhu, Z. Wang, Z. Ye, Y. Liu, S. Dong,
X. Chen, D. Liu, X. Ye, Y. Liu, S. Dong, X. Chen, D. Liu, Z. Wen,
Y. Wang, S. Huang, Z. Zhou, C. Zeng, C. Huang, S. Zheng, X.
Du, X. Huang, B. Zhang, C. Jing, G. Yang, Silica nanoparticles
are an enhancer in the IL-1-induced inflammation cycle of A549
cells. Immunopharmacol. Immunotoxicol. 41(2), 199-206 (2019)
C. Guo, X. Xia, P. Niu, L. Jiang, J. Duan, Y. Yu, X. Zhou, Y. Li,
Z. Sun, Silica nanoparticles induce oxidative strees, inflammation
and endothelial dysfunction in vitro via activation of the MAPK/
Nrf2 pathway and nuclear factor-kB signaling. Int. J. Nanomed.
10, 1463-1477 (2015)

V. Christen, K. Tent, Silica nanoparticles reduce endoplasmic
reticulum stress response and activate mitogen activated kinase
(MAPK) signaling. Toxicol. Rep. 3, 832-840 (2016)

K. Cendrowski, P. Sikora, B. Zielinska, E. Horszczaruk, E.
Mijowska, Chemical and thermal stability of core-shelled mag-
netite nanoparticles and solid silica. Appl. Surf. Sci. 407, 391-397
(2017)

@ Springer

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

C. Zhuang, Y. Chen, The effect of nano-SiO2 on concrete proper-
ties: a Review. Nanotechnol. Rev. 8, 562-572 (2019)

G. Li, Properties of High-Volume Fly Ash Concrete Incorporating
Nano-SiO,. Cem. Concr. Res. 34, 1043—1049 (2004)

FE.T. Isfahani, E. Redaelli, F. Lollini, W. Li, L. Bertolini, Effects
of nanosilica on compressive strength and durability properties
of concrete with different water to binder ratios. Adv. Mater. Sci.
Eng. 2016, 8453567 (2016)

Z.D. Rong, W. Sun, H.J. Xiao, G. Jiang, Effects of nano-SiO2 par-
ticles on the mechanical and microstructural properties of ultra-
high performance cementitious composites. Cem. Concr. Compos.
56, 25-31 (2015)

A.N. Givi, S.A. Rashid, FN.A. Aziz, M.A.M. Salleh, Experimen-
tal investigation of the size effects of SiO2 nano-particles on the
mechanical properties of binary blended concrete. Compos. Pt
B-Eng. 41(8), 673-677 (2010)

A.A. Raheem, A. Lateef, P.O. Akinola, A.A. Adeniyi, S.O. Yusuf,
Influence of Nanosilica on Workability and Compressive Strength
of Wood Ash Cement concrete. LAUTECH J. Civ. Environ. Stud.
2(1), 22-28 (2019)

M. Abdellahi, M.K. Karafshani, A.S. Rizi, Modeling effect of
SiO, nanoparticles on the mechanical properties of the concretes.
Int. J. Build. Pathol Rehabili 2, 8 (2017)

A. Heidari, D. Tavakoli, A study of the mechanical properties of
ground ceramic powder concrete incorporating nano-SiO, parti-
cles. Constr. Build. Mater. 38, 255-264 (2013)

A. Khaloo, M.H. Mobini, P. Hosseini, Influence of different types
of nano-SiO, particles on properties of high-performance con-
crete. Constr. Build. Mater. 113, 188-201 (2016)

A.N. Reddy, S. Priyanka, P. Mounika, The effect of nanosilica
on mechanical properties of concrete. Int. Res. J. Appl. Sci. 1(1),
36-40 (2019)

A.O. Adetukasi, O.G. Fadugba, I.H. Adebakin, O. Omokungbe,
Strength characteristics of fibre-reinforced concrete containing
nano-silica. Mater. Today (2020). https://doi.org/10.1016/j.matpr.
2020.03.123

S. Fallah, M. Nematzadeh, Mechanical properties and durability
of high-strength concrete containing macro-polymeric and poly-
propylene fibers with nano-silica and silica fume. Constr. Build.
Mater. 132, 170-187 (2017)

R. Palla, S.R. Karade, G. Mishra, U. Sharma, L.P. Singh, High
strength sustainable concrete using silica nanoparticles. Constr.
Build. Mater. 138, 285-292 (2017)

H. Li, M.H. Zhang, J.P. Ou, Flexural fatigue performance of con-
crete containing nano-particles for pavement. Int. J. Fatigue 29(7),
1292-1301 (2007)

M. Ltifi, A. Guefrech, P. Mounanga, A. Khelidj, Experimental
study of the effect of addition of nano-silica on the behaviour of
cement mortars. Proc. Eng. 10, 900-905 (2011)

L.S. Wu, Z.H. Lu, C.L. Zhuang, Y. Chen, R.H. Hu, Mechanical
Properties of Nano SiO, and Carbon Fiber Reinforced Concrete
after Exposure to High Temperatures. Mater 12(22), 3773 (2019)
Fu. Qiang, Zhao, X., Zhang, Z., Xu, W., Niu, D., Effects of nano-
silica on microstructure and durability of cement-based materials.
(2022). https://doi.org/10.1016/j.powtec.2022.117447

M.H. Beigi, J. Berenjian, O.L. Omran, A.S. Nik, .M. Nikbin, An
experimental survey on combined effects of fibers and nanosilica
on the mechanical, rheological, and durability properties of self-
compacting concrete. Mater. Des. 50(50), 1019-1029 (2013)

U. Baranyi, B. Winter, A. Gugerell, B. Hegedus, C. Brostjan, G.
Laufer, B. Messner, Primary Human Fibroblasts in Culture Switch
to a Myofibroblast-Like Phenotype Independently of TGF Beta.
Cells 8(7), 721 (2019)

R.T. Kendall, C.A. Feghali-Bostwick, Fibroblasts in fibrosis: novel
roles and mediators. Front. Pharmacol. 5, 123 (2014)


https://doi.org/10.1021/acs.langmuir.1c03155
https://doi.org/10.1021/acs.langmuir.1c03155
https://doi.org/10.1016/j.matpr.2020.03.123
https://doi.org/10.1016/j.matpr.2020.03.123
https://doi.org/10.1016/j.powtec.2022.117447

Biomedical Materials & Devices

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

H. Kurose, Cardiac fibrosis and fibroblasts. Cells 10(7), 1716
(2021)

P. Acharya, K. Chouhan, S. Weiskirchen, R. Weiskirchen, Cellu-
lar Mechanisms of Liver Fibrosis. Front. Pharmacol. 12, 671640
(2021)

D.S. Schwarz, M.D. Blower, The endoplasmic reticulum: struc-
ture, function and response to cellular signaling. Cell Mol. Life
Sci. 73(1), 79-94 (2016)

N. Khalilgharibi, Y. Mao, To form and function: on the role of
basement membrane mechanics in tissue development, homeosta-
sis and disease. Open Biol. 11(2), 200360 (2021)

R.N. Gomes, F. Manuel, D.S. Nascimento, The bright side of
fibroblasts: molecular signature and regenerative cues in major
organs. Npj Regen. Med. 6, 43 (2021)

R.C. Stone, I. Pastar, N. Ojeh, V. Chen, S. Liu, K.I. Garzon, M.
Tomic-Canic, Epithelial-mesenchymal transition in tissue repair
and fibrosis. Cell Tissue Res. 365(3), 495-506 (2016)

J.D. Gregorio, I. Robuffo, S. Spalletta, G. Giambuzzi, V.D. luliis,
E. Toniato, S. Martinotti, P. Conti, V. Flati, The Epithelial-to-Mes-
enchymal Transition as a Possible Therapeutic Target in Fibrotic
Disorders. Front. Cell Dev. Biol. 8, 607483 (2020)

D. Napierska, L.C. Thomassen, D. Lison, J.A. Martens, P.H. Hoet,
The nanosilica hazard: another variable entity. Part Fibre Toxicol.
7(1), 39 (2010)

R.F. Hamilton, S.A. Thakur, A. Holian, Silica binding and toxicity
in alveolar macrophages. Free Radic Biol. Med. 44(7), 1246-1258
(2008)

T. Tomonaga, H. Izumi, Y. Yoshiura, T. Myojo, T. Oyabu, B. Lee,
T. Okada, T. Marui, K. Wang, K. Kubo, M. Shimada, S. Nogu-
chi, C. Nishida, K. Yatera, Y. Morimoto, Usefulness of myelop-
eroxidase as a biomarker for the ranking of pulmonary toxicity of
nanomaterials. Part Fibre Toxicol. 15(1), 41 (2018)

X. Zhao, S. Wei, Z. Li, C. Lin, Z. Zhu, D. Sun, R. Bai, J. Qian, X.
Gao, G. Chen, Z. Xu, Autophagic flux blockage in alveolar epi-
thelial cells is essential in silica nanoparticle-induced pulmonary
fibrosis. Cell Death Dis. 10(2), 127 (2019)

M. Yang, L. Jing, J. Wang, Y. Yu, L. Cao, L. Zhang, X. Zhou, Z.
Sun, Macrophages participate in local and systemic inflammation
induced by amorphous silica nanoparticles through intratracheal
instillation. Int. J. Nanomed. 11, 6217-6228 (2016)

M. Stepnik, J. Arkusz, A. Smok-Pieniazek, A. Bratek-Skicki, A.
Salvati, I. Lynch, K.A. Dawson, J. Gromadziriska, W.H.D. Jong,
K. Rydzynski, Cytotoxic effects in 3T3-L1 mouse and WI-38
human fibroblasts following 72 hour and 7 day exposures to
commercial silica nanoparticles. Toxicol. Appl. Pharmacol. 263,
89-101 (2012)

J. Allouche, M. Boissiere, C. Hélary, J. Livage, T. Coradin, Bio-
mimetic core-shell gelatine/silica nanoparticles: a new example
of biopolymer-based nanocomposites. J. Mater. Chem. 16, 3121—
3126 (2006)

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

. L. Hu, Z. Mao, Y. Zhang, C. Gao, Influences of size of silica

particles on the cellular endocytosis, exocytosis and cell activity
of HepG?2 cells. J. Nanosci. Lett. 1, 1-16 (2011)

1. Stayton, J. Winiarz, K. Shannon, Study of uptake and loss of
silica nanoparticles in living human lung epithelial cells at single
cell level. Anal. Bioanal. Chem. 394, 1595-1608 (2009)

S. Quignard, G. Mosser, M. Boissiére, T. Coradin, Long-term fate
of silica nanoparticles interacting with human dermal fibroblasts.
Biomater 33, 4431-4442 (2012)

M.F. Desimone, C. Hélary, S. Quignard, I.B. Rietveld, I. Bataille,
G.J. Copello, G. Mosser, M.M. Giraud-Guille, J. Livage, A. Med-
dahi-Pellé, T. Coradin, In vitro studies and preliminary in vivo
evaluation of silicified concentrated collagen hydrogels. ACS
Appl. Mater.Interfaces 3(10), 3831-3838 (2011)

B. Sarker, J. Hum, S.N. Nazhat, A.R. Boccaccini, Combining col-
lagen and bioactive glasses for bone tissue engineering: a review.
Adyv. Health Mater. 4(2), 176-194 (2015)

G.S. Alvarez, C. Hélary, A.M. Mebert, X. Wang, T. Coradin, M.F.
Desimone, Antibiotic-loaded silica nanoparticle-collagen com-
posite hydrogels with prolonged antimicrobial activity for wound
infection prevention. J. Mater. Chem. B 2, 4660-4670 (2014)

S. Bancelin, E. Derenciére, V. Machairas, C. Albert, T. Coradin,
M. Schanne-Klein, C. Aimé, Fibrillogenesis from nanosurfaces:
multiphoton imaging and stereological analysis of collagen 3D
self-assembly dynamics. Soft Matter 10, 6551-6557 (2014)

J.G. Croissant, Y. Fatieiev, N.M. Kashab, Degradability and Clear-
ance of Silicon, Organosilica, Silsesquioxane, Silica Mixed Oxide,
and Mesoporous Silica Nanoparticles. Adv. Mater. 29, 1604634
(2017). https://doi.org/10.1002/adma.201604634

M.S. Lord, B.G. Cousins, P.J. Doherty, J.M. Whitelock, A. Sim-
mons, R.L. Williams, B.K. Milthorpe, The effect of silica nan-
oparticulate coatings on serum protein adsorption and cellular
response. Biomater 27, 4856-4862 (2006)

M. Antman-Passig, O. Shefi, Remote magnetic orientation of 3D
collagen hydrogels for directed neuronal regeneration. Nano Lett.
16, 2567-2573 (2016)

Y. Shi, C. Hélary, T. Coradin, Exploring the cell-protein-mineral
interfaces: interplay of silica (nano)rods @collagen biocomposites
with human dermal fibroblasts. Mater. Today Bio (2019). https://
doi.org/10.1016/j.mtbio.2019.100004

P. Kallas, H. Kang, H. Valen, H.G. Haugen, M. Andersson, M.
Hulander, Effect of silica nano-spheres on adhesion of oral bacte-
ria and human fibroblasts. Biomater. Investig. Dent. 7(1), 134-145
(2020)

Springer Nature or its licensor holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement and
applicable law.

@ Springer


https://doi.org/10.1002/adma.201604634
https://doi.org/10.1016/j.mtbio.2019.100004
https://doi.org/10.1016/j.mtbio.2019.100004

	A Review on the Heightened Mechanical Features of Nanosilica-Based Concrete and the Response of Human Fibroblasts to Nanosilica
	Abstract
	Introduction
	Properties of Nano-SiO2
	Mechanical Properties
	Compressive Strength

	Split Tensile Strength
	Flexural Strength
	Challenges of Modifying Concrete with Nano-silica
	Human Fibroblasts
	Response of Human Fibroblasts to Nanosilica
	Conclusion
	References


