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In recent years, the application of silica nanoparticles in the biomedical field experienced a great

development, showing a sharp increase in the number of published articles and patents. The driving

forces for these and future developments are the possibility to design nanoparticles with homoge-

neous size and structure and amenable to specific grafting. In this way, it is possible to control

the interaction of nanoparticles with cells. Moreover, it is possible to tune the characteristics of

the nanoparticles to meet the requirements of each specific cell and desired application. Herein,

we present different strategies developed to optimize the size, morphology, surface topography, ele-

mental ratio, hydrophobic/hydrophilic balance, and erosion rate, which contribute to understand the

nature of this inherently complicated cell-nanoparticles interactions mechanism, which will deter-

mine the resulting function performance.
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1. INTRODUCTION

The sol–gel process has several well-known advantages
such as a choice of high purity precursors (monomers or
condensed species), homogeneity of the obtained mate-
rial with different shapes (i.e., gels, films, particles)1�2 and
especially the possibility of making hybrids and compos-
ite materials with new chemical and mechanical properties,
conductivity and permeability.3–5 Moreover, slight changes

∗Author to whom correspondence should be addressed.

in experimental parameters such as pH, additives, and con-
centration can lead to substantial modification of the result-
ing material.6�7 In recent years, biomedical applications of
sol–gel technology have received extensive coverage.8–13

Particularly, the application of silica nanoparticles in the
biomedical field experienced a great development, show-
ing a sharp increase in the number of published articles
and patents.14�15 The driving forces for these and future
developments are the possibility to design nanoparticles
with homogeneous size, structure and amenable to specific
grafting, which provides structural support and delivery
systems for therapeutic purposes.16–18

The effect of various silica formulations such as plain,
mesoporous and hollow silica nanoparticles are being cur-
rently investigated. Nowadays, different silica nanoparti-
cles can be obtained through well known procedures.19–25

The most popular is undoubtedly the Stöber method.22 This
method allows the synthesis of monodisperse, spherical sil-
ica nanoparticles that range from 5 to 2000 nm, through
an ammonia-catalyzed reaction of tetraethylorthosilicate
(TEOS) with water in low-molecular-weight alcohols.26

Another method used to obtain solid silica particles
involves the preparation of water-in-oil microemulsions,
where the droplets of the water polar phase dispersed in a
continuous oil phase are used as nanoreactors for the syn-
thesis of silica nanoparticles.24�27 Secondly, hollow silica
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nanoparticles (HSNP) are gaining great attention. They
consist of hollow spherical particles with typical sizes
below 200 nm and a shell of silica. Such structure provides
some advantages over solid (plain) ones because of its low
density and large surface area (Scheme 1).20�21�28

In addition, their size will also determine the mechanism
and rate of nanoparticles cell uptake and their ability to
permeate through tissues. Moreover, particle shape (i.e.,:
spherical, tubes) and surface properties (i.e.,: positively or
negatively charge) have a great impact on different aspects
of cellular functions including cell proliferation, apopto-
sis, cytoskeleton formation, adhesion and migration. Thus,
although silica is generally accepted as having low tox-
icity, the biocompatibility of silica nanoparticles (SiNPs)
as a “new” kind of material should be revisited.29 In this
way, it is possible to control the interaction of nanoparti-
cles with cells. This interaction is sometimes mediated by
the type and concentration of the protein layer adsorbed
to the nanoparticles that interact with integrins present
in the cell membrane. Thus, a careful consideration must
be given to control the interaction of nanoparticles with
macromolecules and cells present in biological systems.
Such interactions play a key role in the stability, aggre-
gation and dissolution of silica nanoparticles and in the
uptake by phagocyte mononuclear cells or even other cells
types. In addition, the transendothelial permeability in var-
ious normal or damaged tissues, the uptake by cells and
particle clearance should be taken into account.

Therefore, it is possible to tune the characteristics of
the nanoparticles to meet the requirements of each specific
cell and desired application.30 Especially, silica nanopar-
ticles have gained ground in the pharmaceutical field and

have been widely studied in the context of drug deliv-
ery and drug targeting.31–36 Indeed, a huge amount of
cosmetic products and pharmaceutical formulations con-
tain nanoparticles. In this sense, it was suggested that an
ideal drug delivery system should be inert, biocompati-
ble, mechanically strong, comfortable for the patient, capa-
ble of achieving high drug loading, safe from accidental
release, simple to administer and remove, and easy to fab-
ricate and sterilize.37�38 Silica nanoparticles meets nearly
all the requirements, thus it is not surprising the great
attention that they are receiving from researchers and
industries.39�40

Scheme 1. Schematic representation of: (a) plain nanoparticles and
(b) hollow nanoparticles.
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The great advances in the application of silica nanopar-
ticles also require a careful characterization of the bio-
compatibility, immune response and toxicological effects
that they may cause. The study of the immune response
against nanoparticles is actually being studied41 for mul-
tiple reasons such as the elucidation of new targets for
drug delivery systems,42–44 as vaccination adjuvants45�46 or
for toxicological studies.47–50 It is worth to mention that
nanoparticles interact with the immune system in differ-
ent ways, having the possibility to trigger both the innate
and adaptive immune response. Both innate and adaptive
immune responses work in a coordinated manner to mount
an effective immune response in the body that prevents
or protects against foreign material, mostly microorgan-
isms, but also dust and particles, entering and/or affect-
ing the organism.41 Furthermore, cell cultures can be used
in toxicity screening both through estimation of the basal
functions of the cell (i.e., those processes common to all
types of cells) or through testing on specialized cell func-
tions. Several parameters are used to assess the effect of
nanoparticles over cell functions. These parameters include
vital staining, proliferation test, cytosolic enzyme release,
and cytokine production, among others. Special attention
should be given if nanoparticles are intended to treat or
prevent infections. In this case, it is highly desirable that
the formulation possess a strong activity against microor-
ganisms without affecting host cells.
In the case of cell interaction with nanoparticles, some

works have been published which try to elucidate the
mechanism either for cell toxicity or for cell growth stimu-
lation in other cases. Herein, we present different strategies
developed to optimize the size, morphology, surface topog-
raphy, elemental ratio, hydrophobic/hydrophilic balance,
and erosion rate, which contribute to understand the nature
of this inherently complicated cell-nanoparticles interac-
tions mechanism, which will determine the resulting func-
tion performance.

2. IN VITRO ASSAYS

Biocompatibility is always a matter of study in medi-
cal research. In this sense, the effect on human health
of a therapeutic, occupational or accidental exposure to
nanoparticles should be thoroughly investigated. Conse-
quently, many studies have been performed in this field but
still very little is known about the human body’s response
to nanoparticles.

Research has shown that the response depends not
only on nanoparticle composition, but also on many fac-
tors like size, shape, mass and the method of synthesis
involved, which can influence cell toxicity.51 Even though
there are works whose results seem to contradict those
obtained by other researchers, there are some generaliza-
tions which are worthwhile of considering when working
with nanoparticles.

2.1. Effect of Concentration and Size of SiNPs

From the analysis of the literature available, it has been
found that cellular response to SiNPs is concentration
dependent,52–54 even though increasing SiNPs concentra-
tion will also increase the effect produced and eventually
the probability of cell toxicity.55

On the other hand, the size of the nanoparticles is related
to the surface which will ultimately be in contact with
the cells. In this sense, it would be expected that a higher
interaction will be established with smaller sized particles.
This higher interaction can be favorable or unfavorable,
depending on the characteristics of the material employed.
Furthermore, smaller sized nanoparticles are more rapidly
taken up by cells, thus speeding the reaction to them.
It was reported that as a consequence of the treatment of
Langerhans cells with silica particles, with diameters of
70, 300, and 1000 nm, cellular uptake and cytotoxicity
increased with the decrease in particle size.56

Indeed, when considering size alone, it has been exten-
sively reported that cytotoxicity increases when nanoparti-
cle size is reduced.50�57 However, this was observed when
cells were exposed to silica nanoparticles ranging from 50 to
500 nm and not in those with less than 50 nm.52�58 Because
agglomeration of nanoparticles can take place quite easily,
another approach points out the fact that when surface area
is taken into account it can be generally accepted that the
larger the surface area, the higher the toxicity.59

Morishige et al. found that unmodified amorphous
microsized silica particles (i.e.,: 1000 nm) induced higher
levels of IL-1b production in THP-1 human macrophage
like cells whereas smaller particles (30 to 300 nm) did not
induce such a significant production.60 In a related work,
Waters et al. suggested that the response of macrophages
to SiNPs depends on the nominal surface area basis rather
than on particle mass or number. They arrived to this
conclusion using unopsonized amorphous silica nanopar-
ticles ranging from 7 to 500 nm diameter and measured
the stimulation of inflammatory protein secretion and the
induced macrophage cytotoxicity.59 Oberdörster et al. also
reported that particles with greater specific surface areas
per mass are more biologically active.61 Same results were
found in mouse keratinocytes (HEL-30) exposed for 24 h
to 30, 48, 118, and 535 nm SiNPs. Indeed, silica nanopar-
ticles exhibiting the highest specific surface area showed
more toxic effects.54 When working with endothelial cells
(EAHY926 cell line), surface area also seems to be an
important parameter in cytoxicity, as it was seen with the
smallest SiNPs (14–16 nm diameter), which led to a 50%
reduction of viability when used at a lower concentration
than 19, 60, 104, and 335 nm monodisperse amorphous
spherical silica particles.62

2.2. Effect of Crystalline Form and Porosity

Silica can be divided into crystalline or amorphous (non-
crystalline), all having the same basic molecular formula
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(almost 100% SiO2�.
63 Because inhalation of crystalline

silica dust is well known to cause silicosis, it is commonly
accepted that this form of silica is more toxic. However,
in a recent publication, Constantini et al. compared the
uptake and toxicity of amorphous silica to crystalline silica
in various cell types, such as mouse alveolar macrophage
(MH-S) cells, mouse lung epithelial type II, mouse skin
melanoma, monkey kidney fibroblast, human adenocarci-
noma cells and cervical epithelial cells among others. They
found out that, whereas all cells are able to take up silica
nanoparticles, only macrophages showed extreme sensitiv-
ity, and in this case crystalline silica and amorphous silica
killed the cells with equal strength.64

Other works dealing with mesoporous silica nanoparti-
cles try to explain the effect of the porosity on the final
response.65–67 Lee et al. compared the effect in vitro and in

vivo of mesoporous silica nanoparticles (MSNs) with non-
porous colloidal silica of the same size and shape. Results
showed that MSNs induced less activation of MAPKs,
NF-kB and caspase-3 leading to a lower cytotoxicity and
inflammatory response when compared to non-porous sil-
ica nanoparticles. Moreover, the results of the hazard test
for identification of contact hypersensitivity performed
in vivo were congruent with those obtained in vitro.65

2.3. Effect of Surface Modification

It seems that covering the anionic surface of silica
nanoparticles, often with cationic compounds, results in
reduced toxicity when compared to particles without any
modification. Tao et al. reported different mesoporosity-
dependent and functional group-dependent cytotoxicity
and endocytosis of various silica nanomaterials on sus-
pended and adherent cells. They confirmed that the func-
tionalization of mesoporous nanomaterials, namely by
amination with positively charged quaternary amines,
is able to prevent cellular injury as the rate of cell
internalization is significantly diminished.68 In relation to
nanoparticle modification, Chen et al. synthesized silicon
nanoparticles chemically modified with sodium chloride or
sodium iodide (diameters of 10–100 nm) as novel non-
viral vectors for DNA transfer into cells. Results showed a
better efficiency of DNA transfection with the advantage of
protection of DNA against degradation. Microscopy assays
showed no cytotoxicity during adhesion and entry of the
nanoparticles into HT1080 cells. In vivo experiments with
mice revealed accumulation of nanoparticles within the
cells of the brain, liver, spleen, lung, kidney, intestine and
prostate without pathological cell changes or mortality.69

There are more works suggesting the potential of modi-
fied silica nanoparticles as gene carriers with very low or
no cell toxicity observed. As an example, the ability of
cationic SiNPs to transfect galactosidase expression plas-
mid DNA pCMV� reporter gene was successful in Cos-1
cells in vitro70�71 and in the mouse lung in vivo.71 Fur-
thermore, SiNPs with surface cationic amino groups were

efficiently taken up in vitro and succeeded to deliver DNA
to the nucleus.72 In addition, Bharali et al. found promising
the use of amino-functionalized silica organically modified
nanoparticles for future direction and effective therapeutic
manipulation of neural stem/progenitor cells and in vivo

targeted brain therapy.73 Mumin et al. demonstrated that
phosphonate functionalization of mesoporous SiNPs with
a resulting foam structure (i.e.,: 65 nm) leads to increased
levels of interaction or internalization by dendritic cells.74

Surface modification can drastically change cellu-
lar response to nanoparticles. For example Gyenge
et al. tried core–shell silica nanoparticles with hydroxyl-,
aminopropyl- or PEGylated surface modifications (200–
300 nm) encapsulating a fluorescent dye to evaluate their
uptake in the human head and neck squamous cell carci-
noma cell line UMB-SCC 745 and found that the uptake of
PEGylated SiNPs was minimal even after 24 h in contrast
to hydroxyl- and aminopropyl-modified SiNPs.75

In relation to the mechanism involved in the protection
given by modification with cationic compounds, which
will be further discussed, Dutta et al. proposed that serum
proteins which commonly adsorb on the surface of amor-
phous silica nanoparticles could influence the biological
fate of SiNPs and in fact they observed that surfactant
coated nanoparticles, which prevented proteins from bind-
ing to their surface, inhibited cytotoxicity.76 Considering
the amount of surface modification possibilities this is
probably an interesting point for optimization in the design
of SiNPs for different proposes.

2.4. Cell Type

Another interesting fact is that not all the cells show the
same response to silica nanoparticles, which can be related
to different interaction mechanisms or to different degrees
of interaction. As an example, 3T3 fibroblasts, bronchi-
olar epithelial cells (hT) and RAW 264.7 macrophages
were used to test viability when exposed to 30 nm silica
or titanium nanoparticles in different concentrations and
three different diameters of multi-wall carbon nanotubes.
As expected, it was found that size and composition do
affect cellular response but this is cell type dependant in
such a way that it is recommended to focus nanoparticle
engineering on the potential cell type which may be finally
exposed to them. Likewise, Malugin et al. tried modified
(–COOH and –NH2� and unmodified silica nanoparticles
from 50–500 nm in human prostate carcinoma DU145,
colon carcinoma HCT116 and murine macrophages RAW
264.7 cells. They found that phagocytic cells are more sus-
ceptible to amorphous silica nanoparticles than epithelial
cells.52

2.5. Cellular Uptake

In order to design drug loaded nanoparticles as well as
to diminish the toxicity of the before mentioned SiNPs,
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it is necessary to know more about the different ways
the particles obtained will enter the target cell.77 There
are essentially four mechanisms of endocytosis by means
of which nanoparticles enter the cells: clathrin-mediated
endocytosis, caveolae-mediated endocytosis, phagocyto-
sis and macropinocytosis, though a discussion has grown
around this classification and it may need to be updated.
Nanoparticles taken up by endocytosis are firstly enclosed
within early endosomes, phagosomes and macropinosomes
respectively. These vesicles will later become multivesic-
ular bodies, also known as late endosomes, and eventually
fuse with lysosomes.78 In general terms, larger particles
are taken up by phagocytosis while smaller ones by endo-
cytosis (Scheme 2). Strictly speaking, phagocytosis is a
process occurring only in highly specialized cells, e.g.,
macrophages, although other cells may use phagocytic-like
mechanisms too.79 In this sense, Zhang et al. identified an
optimal NP radius at which the cellular uptake reaches a
maximum and they showed that the cellular uptake of NPs
is regulated by membrane tension, which can be elabo-
rately controlled by particle size. The optimal NP radius
reported for endocytosis was on the order of 25–30 nm.80

Similarly, SiNPs uptake by HeLa cells is size-dependent
and the maximum uptake by cells occurs at a nanoparticle
size of 50 nm. These findings suggested that MSNs 50 nm

Scheme 2. Mechanisms of endocytosis by means of which nanoparti-
cles enter the cells: (a) phagocytosis (b) endocytosis clathrin dependent
(c) endocytosis caveolin dependent (d) endocitosis non-clathrin non-
caveolin dependent.

in diameter may be the most suitable candidate to serve as
a carrier for further studies in biological applications.81

Not only size but also concentration probably influ-
ences one of the various uptake mechanisms that have been
described as potential cell capture pathways for nanopar-
ticles. In this sense, an interesting observation was made
by Choi et al. who described that when working with low
SiNPs concentrations, namely 7 28× 10−4 �g/ml, silica
was dispersed throughout the cytoplasm whereas at higher
concentrations they appeared to be engulfed in phagocitic
vacuoles, and therefore suggested that concentration may
affect silica nanoparticles uptake.82

When it comes to size, it has been suggested that mod-
ified (–COOH, –NH2, –SO3H, –CHO) and unmodified
1000 nm silica particles are taken by THP-1 cells with sim-
ilar frequencies by actin-dependent phagocytosis.52�83 On
the other hand, other groups working with silica nanopar-
ticles ranging from 50 to 500 nm claimed that within this
range they do not enter the cells through the phagocytic
pathway but through a different mechanism, presumingly
endocytosis.52 Moreover, recently Quignard et al. demon-
strated that positive charged SiNPs (i.e.,: 200 and 40 nm)
are easily uptaken by human dermal fibroblast, through a
macropinocytosis, without impacting on cell viability. On
the other hand, the small SiNPs (i.e.,: 10 nm positively and
negatively charged) show high and fast cytotoxicity com-
pared to the largest ones at a similar dose, but only the
negatively-charged colloids induced genotoxicity effects.84

One interesting point that deserves more attention is that
SiNPs are prone to dissolve in culture media. The disso-
lution process was also confirmed by several works that
monitors the cell culture medium where it was demon-
strated that it contains both colloidal and soluble silica
species.84–87 Apparently, as it was shown by Xing et al. not
only size and concentration affect cellular uptake of SiNPs.
Their experimental results demonstrated that uptake of
silica-coated nanoparticles by HeLa cells was higher at
37 �C than at 4 �C and concluded it was time and energy
dependent process.88 Analysis of the intracellular local-
ization of silica nanoparticles revealed that SiNPs pen-
etrated into the nucleus, whereas SiNPs modified with
amine or carboxyl groups showed no nuclear localization.
These results suggest that intracellular localization is a
critical factor underlying the cytotoxicity of these silica
nanoparticles.89

2.6. Cell Damage Mechanism

Different cells have different metabolisms and thus it
would be expected that the extent of cell interaction
and toxicity will vary when considering different cells
being exposed to the same silica nanoparticles. Concern-
ing the mechanism of cell toxicity, several studies propose
that nanomaterials cause lysosomal membrane destabiliza-
tion induced by reactive oxygen species (ROS) genera-
tion, which would ultimately lead to apoptosis.31�58�90–94
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Indeed, human embryonic kidney (HEK293) cells95 and
human bronchoalveolar carcinoma-derived cells,96 for
example, showed dose dependent cytotoxicity associated
with increased oxidative stress when exposed to SiNPs.
In the case of liver cells, Ye et al. reported that exposure to
SiNPs of the normal human hepatic cell line (L-02) caused
cytotoxicity in size, dose and time dependent manners,
with 21 nm SiNPs inducing oxidative stress, apoptosis and
increased p53 and Bax expression.97 On the other hand,
Lu et al. tested the biological response of normal human
L-02 hepatocytes and HepG2 hepatoma cells to SiNPs and
stated that the first ones showed only slight toxicity when
compared to the antiproliferation activity seen in the sec-
ond ones.98

The mechanisms of toxicity in human HepG2 hepatoma
cells by 7 to 50 nm or 14 nm silica nanoparticles were
studied by Lu et al.98 and Ahmad et al.99 respectively. Both
found that in these cells nanoparticles produce toxicity in a
dose dependent manner. The expressions p53 and caspase-
3 (proapoptotic) were up-regulated, whereas the expression
of bcl-2 (antiapoptotic member of the Bcl-2 family) was
down-regulated. Lu et al. found decreased the expression
of procaspase-9 and no significant change in expression of
Bax (propapoptotic member of the Bcl-2 family), whereas
Ahamed et al. found that the proapoptotic gene bax was
up-regulated in HepG2 cells treated with silica nanopar-
ticles. Both found an increase in ROS and decrease in
glutathione (GSH) (antioxidant) levels. This suggests that
in these cells nanoparticles induced apoptosis mediated
through ROS via p53, bax/bcl-2 and caspase pathways.99

When considering macrophage cells, Morishige et al.
suggested that ROS production induced by phagocy-
tosis of unmodified 1000 nm silica particles triggered
endosomal rupture followed by the activation of the
pro-inflammatory complex NLRP3 inflammasome (NLR
family, pyrin domain containing 3) and subsequent
interleukin-1b (IL-1b) production.60 In addition, SiNPs
induced an elevated level of reactive oxygen species (ROS),
leading to DNA damage.100 When surface modification
with several functional groups (–COOH, –NH2, –SO3H,
–CHO) was performed, it dramatically suppressed IL-1b
production by reducing ROS production in THP-1 human
macrophage-like cells. The inflammatory effect in vivo in
intraperitoneally injected (1 mg) mice showed the same
results when compared to IL-1b production in vitro.52�83

Furthermore, unmodified silica nanoparticles from 50 to
500 nm induced a more severe plasma membrane dam-
age in RAW264.7 macrophages than surface functionalized
(–COOH and –NH2�.

52 In relation to the immune sys-
tem, Lucarelli et al. suggested the possibility of inadequate
defense against certain infections after exposure to SiNPs
(15 nm) due to the inhibition of the expression of toll-like
receptor (TLR) and proinflammatory cytokine production
in macrophages.101 Meanwhile, Winter et al. reported that
SiNPs (14 nm) activate murine bone marrow-derived den-
dritic cells and activate inflammasome.102 In another work,

in which human umbilical vein endothelial cells (HUVECs)
were exposed to silicon dioxide nanoparticles with diame-
ters of 304 nm and 310 nm, results showed that NP induced
exocytosis of Weibel-Palade bodies, associated with the
release of von Willebrand factor and necrotic cell death.83

However, in some cells, ROS production does not seem
to be associated to citotoxicity of silica nanoparticles. In
relation to this, Yu et al. did not found significant dif-
ferences between HEL-30 controls and those treated with
different sizes (30, 48, 118, and 535 nm) and different
concentrations of amorphous SiNPs and suggested that
either direct physical disruption of membranes or another
unknown mechanism could be involved in the observed
size-dependent toxicity.54 Moreover, Tao et al. studied the
effect of two types of mesoporous silica nanoparticles on
mitochondrial oxygen consumption and found out that in
their presence glucose supported respiration was delayed
without contribution of reactive oxygen species, because
cellular GSH remained unchanged.103

Finally, Sohaebuddin et al. concluded that, depending
on the exposed cell type, the same material can cause
different intracellular responses and potential mechanisms
of toxicity, as it was shown that nanomaterial-associated
lysosomal membrane destabilization is responsible for the
nanomaterial-induced toxicity in 3T3 fibroblasts, but not
in hT bronchiolar epithelial cells and RAW macrophages
and suggest that cytotoxicity of SiNPs in these cell lines
may be associated with mitochondrial membrane potential
reduction.51

Interactions between particles with mitochondria could
also generate additional oxidant species. Indeed, increased
oxygen consumption was observed in lung tissue cubes of
animals exposed to particles.104 This observation is also
supported by an increased NADPH oxidase activity. It is
worth to mention that this enzyme play a role as potent
superoxide anion producer enzyme which is expressed
both in phagocytic and nonphagocytic cells.105 Moreover,
increased mitochondrial oxygen consumption, NO pro-
duction and phospholipid oxidation in lung homogenates
exposed to particles was also observed.

3. IN VIVO ASSAYS

Although there are lots of scientific works concerning
the potential toxicity of silica nanoparticles over different
types of cell culture, little information is provided about
the toxicity on living organisms. Furthermore, these in vivo

results are often contradictory and the question about the
possibility to safely administrate silica nanoparticles to liv-
ing organisms remains open. In this section the results
reported on biocompatibility, biodistribution and clearance
of silica nanoparticles will be discuss.

3.1. Toxicity of SiNPs

Some authors found low toxicity of silica nanoparti-
cles after their injection in animals. It has been reported
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the synthesis of ultrafine organically modified silica
(ORMOSIL) nanoparticles with diameters of 20 nm, conju-
gated with a near-infrared fluorophore for optical bioimag-
ing. ORMOSIL NPs mainly accumulated in the liver and
spleen and did not show any toxicity, adverse effect or any
other abnormalities in the tissues of injected animals after
15 days studies.106 In another experiment, the results of sin-
gle and repeated dose toxicity of mesoporous hollow silica
nanoparticles (MHSiNPs) demonstrated low toxicity of
these new nanostructures in vivo when repeated and single
dose toxicity were evaluated for 110 nm (MHSiNPs) after
their delivery through the blood stream of mice. The LD50
of MHSNs was greater than 1000 mg/kg, while in repeated
administration; 80 mg/kg continuous injection for 14 days
did not produce animal death. No toxicity was found in
liver, spleen, lung and kidney in MHSiNPs-injected mice at
40 and 160 mg/kg single dose and there were no abnormal-
ities in the spleen, kidney and lung in MHSiNPs-injected
mice at 500 and 1280 mg/kg. However, lymphocytic infil-
tration, microgranulation and degenerative necrosis of hep-
atocytes were observed in the liver at 500 and 1280 mg/kg
single administration. In this study, MHSNs were found
to be distributed in the liver and spleen after 24 h intra-
venous injection. Macrophage resident in liver and spleen
was the target cell of MHSiNPs.107 This is in concordance
with other results where liver damage caused by meso-
porous hollow silica nanoparticles was also demonstrated
after continuous intraperitoneal injection into mice twice
a week for 6 weeks. The administration of MHSiNPs at
50 mg/kg increased liver injury markers in serum, such as
alanine aminotransferase (ALT), inflammatory cytokines
interleukin-1 beta (IL-1b) and tumor necrosis factor-alpha
(TNF-!). Histological analysis revealed lymphocytic infil-
tration and silicotic nodular like lesions in liver where
activated kupffer cells played a key role similar to alveo-
lar macrophage in the process of silicosis.108�109 Moreover,
it was observed that 30 mg of intraperitoneally adminis-
tered silica particles invariably resulted in death or distress
of mice; in contrast it was found that even 100 mg of
poly(lactic-co-glycolic) (PLGA) acid microspheres cause
no detectable toxicity in mice of the same strain and mass
indicating that silica tested would appear 100 times more
lethal than PLGA particles.66

Apparently, there is a relationship between toxicity and
sizes, shapes, surface area or chemical modification on the
surface of silica nanoparticles which also condition the
grade of dispersion of the particles. An experiment was per-
formed where different sizes (50, 100 and 200 nm) of silica
particles were used to evaluate their level of toxicity. The
200 nm particles were taken up faster and more intensively
than the other sizes by macrophages of the spleen and liver
and disappeared thereafter. In the liver, there was a signifi-
cant increase in the incidence and severity of inflammation
for 100 and 200 nm silica nanoparticles treatment groups
at 12 h. The 50 nm particles induced only a slight inflam-
matory response at the same time.110 However, all particle

sizes remained aggregate in the spleen through macrophage
trapping after 4 weeks. The aggregation state of nanopar-
ticles is an important factor for distribution and excre-
tion in the body. A previous study showed quantum dots
that remained nano-sized in vivo are excreted via the kid-
ney, and quantum dots that aggregated into larger particles
remained in liver tissue until 5 days after a single intra-
venous injection.111 There are several reports in the litera-
ture which indicate that larger particles tend to accumulate
more into the liver as compared to the smaller ones.112�113

Other studies have shown that exposures to nanoscale
particles produce greater inflammatory and cytotoxic
effects when compared to exposures to larger sized par-
ticles at equivalent mass concentration. As a particle
decreases in size, the surface area increases and a greater
proportion of atoms/molecules are found at the surface
compared to those inside. Thus, nanoparticles have a much
larger surface area per unit mass compared with larger par-
ticles. The increase in the surface-to-volume ratio results
in the increase of the particle surface energy which may
render them more biologically reactive.114 Therefore it is
considered that nanoparticles can be more reactive with
biological components and have adverse effects due to
large surface area and much particle number. Lu et al.
found in their study that all sizes (30, 70 and 300 nm)
of silica nanoparticles tested caused injury in the liver
and caused lung inflammation without affecting the spleen,
heart and kidneys. Furthermore, they proved that particles
of 30 nm were the most toxic among the three sizes as
determined via biochemical assays and histopathological
examinations at 10 mg/kg. However, the other SiNPs sizes
could also induce liver injury when the dose was increased.
It was reported that, surface area had a greater effect than
particle number on the toxicity of silica nanoparticles in
the liver.115 The DNA damage caused by amorphous SiNPs
of 15 and 55 nm in liver, lung and blood cells and micronu-
clei in circulating reticulocytes were measured after three
consecutive intravenous injections to rats at 48, 24 and
4 h before sacrifice. Silica particles caused a small but
reproducible increase in DNA damage and micronucleated
reticulocytes when tested at their maximum tolerated dose
(MTD) but no genotoxic effects were observed at lower
doses. These effects were probably caused through inflam-
matory cell-derived oxidants such as inflammatory mark-
ers, TNF-! and IL-6, found in rats’ plasma. The same
experiment was performed using gold nanoparticles and
no genotoxic effects were observed.116

The toxicity of silica nanoparticles includes many
aspects which were evaluated by other authors as well.
For example, it has been shown that silica and titanium
dioxide nanoparticles with diameters of 70 nm and 35 nm,
respectively, can cause pregnancy complications when
injected intravenously into pregnant mice. These nanopar-
ticles were found in the placenta, fetal liver and fetal brain,
and mice treated with these nanoparticles had smaller
uteri and smaller fetuses than untreated controls. However,
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it was also found that larger (300 and 1000 nm) silica par-
ticles did not induce these complications.117 In addition,
it was reported that systemically administered SiNPs can
penetrate the blood-testis barrier and were detected within
sertoli cells and spermatocytes, including in the nuclei of
spermatocytes.118�119

When SiNPs are not administered to the blood stream
but subcutaneously, their toxic effect is also of great
importance, particularly for local drug applications. The
cytotoxicity and biocompatibility of mesoporous silicates
in particle sizes 150, 800 and 4000 nm injected subcu-
taneously in rats were analyzed. At early time points the
authors found large deposits of the material subcutaneously
but very small amounts or no particles were observed after
2–3 months and there was an inflammatory reaction at the
beginning which decreased substantially with time. There
was no significant injury to surrounding tissues like mus-
cle, nerve or blood vessels.66 Bionanocomposites based on
the association between biological polymers and inorganic
colloids are an emerging class of materials.120 Nanocom-
posite silica-collagen materials derived from concentrated
collagen hydrogels and silica nanoparticles were evaluated
in vivo to establish their potentialities for biological dress-
ings. It was determined through the experiments that silici-
fication significantly improved the mechanical and thermal
stability of the collagen network and that nanocomposites
favor the metabolic activity of immobilized human der-
mal fibroblasts while decreasing the hydrogel contraction.
When studying in vivo implantation of bulk hydrogels in
subcutaneous sites of rats after 1 week, it was noticed that
these materials were colonized and vascularized without
inducing strong inflammatory response.121

3.2. Degradation and Excretion

Several reviews suggest that silica nanoparticles are degrad-
able over time in the body. Liu et al. found that about 50%
of MHSiNPs was removed from the body over 4 weeks
after injection. The particles would be excreted from the
body with a clearance time of over 4 weeks and this long
circulation time of MHSiNPs provides the possibility of
using them as drug carriers for controlled release applica-
tions in vivo.107 Excretion to urine and feces showed dif-
ferent patterns depending on particles size. At 12 h, 50 nm
SiNPs reached the highest concentration in urine while
100 nm particles had a peak concentration at 24 h and
neither three sized silica NPs (50, 100 and 200 nm) were
detected in urine 1 week after intravenous injection. Silica
nanoparticles eliminated slower via feces than in urine. The
50 nm silica nanoparticles excreted faster than the other
two particle sizes and 200 nm silica particles were excreted
from urine and feces at lower concentrations than the other
two. This fact could be useful as nanoparticles for ther-
apy need to have a long retention time for targeting and
therapy. However, a long retention time could also caused
in vivo toxic effects.110

Not only the size and surface area are important to eval-
uate the toxicity, distribution and excretion of SiNPs but
also their surface chemical characteristics. In this sense,
highly positive charge, mesoporous silica nanoparticles
(MSNs) administered in vivo revealed markedly different
uptake and elimination behaviors in comparison to less
charged moieties. The first ones were quickly excreted from
the liver into the gastrointestinal tract, while less charged
moieties remained sequestered within the liver. Taken
together these findings, the authors suggest that charge-
dependent adsorption of serum proteins greatly facilitates
the hepatobiliary excretion of silica nanoparticles, and that
nanoparticle residence time in vivo can be regulated by
manipulation of surface charge.122 Moreover, the biodistri-
bution and urinary excretion of different surface-modified
silica nanoparticles (SiNPs) in mice were investigated using
an in vivo optical imaging system. Three types of surface-
modified SiNPs, including OH-SiNPs, COOH-SiNPs, and
PEG-SiNPs with a size of 45 nm were prepared. Intra-
venous injection of these SiNPs followed by fluorescence
tracing in vivo indicated that OH-SiNPs, COOH-SiNPs,
and PEG-SiNPs were all cleared from the systemic blood
circulation, but that both the clearance time and subse-
quent biological organ deposition were dependent on the
surface chemical modification. The PEG-SiNPs exhibited
relatively longer blood circulation times and lower uptake
by the reticuloendothelial system organs than OH-SiNPs
and COOH-SiNPs and all three types of SiNPs were partly
excreted through the renal excretion route.123

One of the main problems in silica nanoparticle admin-
istration is their accumulation and rapid clearance by the
reticuloendothelial system, which results in short circu-
lation times. This short half-life decreases the exposure
of nanoparticles to the blood–brain barrier (BBB) and
consequently dissuades the interaction of NPs with the
brain vascular endothelial cells and reduces their oppor-
tunity to cross the BBB. PEGylation of nanoparticles has
then become the most widely used approach to increase
the circulation lifetime of nanoparticles. Neutral charge
and hydrophilicity are desired surface characteristic of
the nanoparticles in order to avoid the rapid uptake by
monocytes and consequently by organ-resident phagocytic
cells (i.e., Kupffer cells in the liver). Most of the strate-
gies to reach those requirements use hydrophilic polymers
(i.e., polyethylene glycol) that, in addition, show steric
effects which help to stabilize the nanoparticles preventing
agglomeration.124�125

A study was performed where fluorescein-doped mag-
netic silica nanoparticles (FMSiNPs) and PEGylated
PAMAM conjugated fluorescein-doped magnetic silica
nanoparticles (PEGylated PFMSNs) were used to demon-
strate that PEGylated PFMSNs could penetrate the BBB
through transcytosis of vascular endothelial cells, diffusing
into cerebral parenchyma and distributing in the neurons.
In contrast, non-PEGylated FMSiNPs were not found to
cross the BBB. Moreover, the PEGylated PFMSNs may
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not induce cumulative intoxication to the brain.126 It was
reported that nanosized silica-overcoated magnetic par-
ticles containing Rhodamine B isothiocyanate can also
penetrate the blood–brain barrier without any apparent
toxicity.127

4. CONCLUSION

Silica nanoparticles seem to have low toxicity and to be
biocompatible when administered locally but they appear
to be quite toxic systemically, leading to lymphocytic infil-
tration, microgranulation and degenerative necrosis in liver
tissue.

Regarding the size, larger silica nanoparticles appear to
be taken up faster and more intensively by macrophages
than smaller ones, causing liver inflammation. On the other
hand, as far as it is possible to assume, the smaller the par-
ticle, the greater surface/volume ratio, resulting in surface
energy raise and consequently, more biologically reactiv-
ity. Additionally, increasing the dose could also induce
liver damage, independently of the SiNPs size. Instead,
when SiNPs are subcutaneously administered, the inflam-
matory reaction only appears at the beginning, and then
decreases leaving no damage in surrounding tissues.

It was also found that size was related to nanoparticles
excretion. Smaller SiNPs are excreted faster than larger
one, providing the possibility of getting a long retention
time for controlled drug delivery. Modifying the chemical
surface could manage the chance to regulate the excre-
tion too. Hepatobiliary excretion is enhanced by giving the
nanoparticle’s surface a highly positive charge. Alterna-
tively, PEGylation allows obtaining longer blood circula-
tion times, lower uptake by the reticuloendothelial system
organs, and also penetration of the blood–brain barrier.

Regarding the possibilities given by surface modifica-
tion and the results obtained by the different authors, it can
be concluded that the properties of SiNPs can be mastered
to meet the desired therapeutic requirements. In this sense,
when anticancer properties are expected, then naked SiNPs
can be useful and higher uptakes rates would cause selec-
tive toxicity in the chosen target. On the other side, when
a therapeutic action or enhancement is needed, then modi-
fying the surface of the nanoparticles could help reach the
final objective.
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