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Abstract
Silicon is one of the most abundant chemical elements found on the Earth. Due to its unique
chemical and physical properties, silicon based materials and their oxides (e.g. silica) have been
used in several industries such as building and construction, electronics, food industry, consumer
products and biomedical engineering/medicine. This review summarizes studies on effects of
silicon and silica nano- and micro-particles on cells and organs following four main exposure
routes, namely, intravenous, pulmonary, dermal and oral. Further, possible genotoxic effects of
silica based nanoparticles are discussed. The review concludes with an outlook on improving and
standardizing biocompatibility assessment for nano- and micro-particles.
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1. Introduction
This review summarizes continuing efforts in understanding the factors affecting
biocompatibility of silicon-based nano- and micro-scale materials. Silicon, or Si, is one of
the most abundant chemical elements found on the Earth.[1] Its oxide forms, such as silicate
(SiO4) and silicon dioxide, also known as silica (-SiO2-), are the main constituents of sand
and quartz contributing to 90% of the Earth’s crust. Due to its unique chemical and physical
properties, Si based materials have been used in several industries such as building and
construction, electronics, food industry, consumer products and biomedical engineering/
medicine. In building and construction Si-based materials are used for the production of
concrete, glass, sealants and lubricants[2]. In the electronics industry, Si is one of the
predominant elements, and is used as a substrate for integrated circuit chips found in
computers, cell phones and other electronic devices.[3] In the food industry, silica (SiO)
serves as a preservative and thinning agent. Si based products are also widely utilized for
biomedical applications. As an example, Si and SiO based materials are used for decades in
dietary supplements[4], bandages[5], catheters and implants[5], dental fillers[6] and contact
lenses[5]. Since these macroscopic devices are known to be generally safe and
biocompatible, a number of Si and SiO based consumer over-the-counter products with
nano/micro-scale particles were developed. As an example, Nanoceuticals™ Microbright
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Tooth Powder, made out of silica-mineral hydride, contains nanoscaled molecular cages (1 –
5 nm diameter) that can cleanse teeth by reducing the residing acidity from food particle
compounds. SiO based nano- and micro-scaled materials[7] are also used in dietary
supplements to increase absorption of nutrients in the body (www.nanotechproject.org).
Furthermore, intensive investigations on the use of Si based nano- and micro-materials for
improved delivery of therapeutics and imaging agents to a number of conditions affecting
various body systems are being conducted worldwide by numerous research groups. Si
based materials have been investigated as a vehicle for drug delivery for the past few
decades.[8] Si element exhibits a vast array of different chemistries, in which size, shape,
and surface of the nano- and micro-structures can be easily manipulated depending on the
desired properties as a drug carrier.[9] Encapsulation of enzymes, bacteria, and mammalian
cells in amorphous SiO nano- and micro-particles demonstrated a prolonged shelf life and
no change in their metabolic activities, indicating the high potential of Si based particles for
improved delivery of bioactive substances.[10]

It is known that materials on a sub-micron and micron scale possess characteristics that can
impose their biological behaviors. Thus, it is necessary to understand the short and long-
term effects and potential hazards from nanomaterials as they are exposed to the human
body and the environment. Moreover, nanotoxicity, or the toxicity induced by
nanomaterials, to humans is becoming a great concern as more and more consumer products
embedded with nanomaterials are used without regulation.[11] Although agencies[12], such
as Food and Drug Administration (FDA) and the National Institute of Standards and
Technology (NIST), have initiated programs to control the usage of nanomaterials for
manufacturing consumer products, there are a number of world-wide companies that have
stated there is a nanotechnology component in their already marketed products
(www.nanotechproject.org). Compared to Materials Safety Data Sheets (MSDS), which are
a set of documents stating the handling procedures and potential hazards for chemical
compounds, it is generally difficult to predict and standardize the health and environmental
effects from nanomaterials. This difficulty is due to numerous methods and manipulations
that can be performed to design nanomaterials as well as due to the specific interaction the
nanomaterial can have with the cells in living organism. For example, the aggregation
behavior for amorphous SiO particles can be altered at different particle sizes (30 and 80 nm
in diameter).[13] Larger NPs aggregate quickly, whereas, smaller NPs aggregate slowly at
high ionic strengths of the solution. This dependence of NP size on aggregation states is
important especially in the human body, when physiological pH levels, ionic strength and
temperatures of body fluids can alter the behavior and function of delivered NPs. Along with
size, the geometry of the nanostructure can govern a NP’s behavior in the body. As an
example, short-rod (aspect ratio 1.5) mesoporous SiO NPs were found in the liver and long-
rod (aspect ratio 5) mesoporous SiO NPs were found in the spleen after being intravenously
administered to mice.[14] These particulates exhibited different clearance rates due to an
alteration in the shape. The modulation of NP surface charge can affect cellular uptake as
well.[15] These examples of different biological responses based on the physico-chemical
characteristics of the particles, indicate the critical need to realize that toxicity from nano-
and micro-particles is a multi-factorial process which is difficult to predict. Thus, it becomes
challenging to categorize the health and safety outcomes for each type of nanomaterial.
Though Si-based nanomaterials are widely used in various industries, the long-term effects
of their exposure to humans and the environment are unclear (similarly to the majority of
other nanomaterials). In this review, we summarize the ongoing research efforts in
understanding the potential outcomes after Si-based nanomaterial exposure. The manuscript
launches with a brief overview on the chemistry and fabrication methods of Si-based nano-
and micro-materials. In the following sections, in vitro and in vivo studies of Si-based
particles exposure through different drug administration routes, namely intravenous
injections, pulmonary inhalation, dermal application and gastrointestinal intake (Fig. 1), are
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reviewed. Lastly, the underlying concern of potential genotoxicity, or the toxicity induced at
the DNA level, due to Si based nanomaterials is discussed.[16]

2. Chemistry and Fabrication of Si based Particles
2.1.Silicon vs. Carbon

Si chemistry is very diverse as discussed by many reviews and books.[17-20] Nanoscale
fabrication using Si materials is relatively more complex than using carbon (C), an element
from the same Periodic Table group (Group IV) as silicon. Due to the ability to form four
bonds, a vast array of chemical structures can be created for both elements. This similarity
of Si to C was used by several Science fiction authors to describe other forms of life based
on Si. The most famous examples are Herbert Wells’s writing about Silicon based life and a
Si-based alien which appeared in one of the Star Trek episodes “The Devil in the Dark”.

Generally, carbon nanomaterials (i.e. single walled and multi walled carbon nanotubes) have
a low likelihood in serving as drug delivery carriers due to concerns of non-biodegradability
and the fact that they retain in the body tissues, causing toxic effects as evidenced from in
vitro and in vivo studies[21-26]. On contrary, since Si-Si and Si-O bonds are weaker than
correspondent C-C and C-O ponds, Si-based materials are biodegradable and thus
considered more biocompatible than carbon-based, but their fabrication is generally more
challenging. Though Si has the same number of electrons in its outer shell, carbon and
silicon exhibit very different structural, chemical, and physical properties, making the
fabrication of nano- and micro-materials based on these elements dissimilar.[27]

One reason for the difference between Si and C is the electronegativity. The
electronegativity of carbon (χ=2.55) is higher than the electronegativity of hydrogen
(χ=2.20), leading to stable, polarized C-H bonds. The electronegativity of silicon (χ=1.9) is
lower than carbon and hydrogen, causing Si-H bonds to be polarized in the opposite
direction with nucleophilic attacks occurring at the central Si atoms.[28] The Si-Si bonds are
also weak (222 kJ mol−1), easily forming new bonds with other elements without affecting
crystallinity of nanostructures.[29] In addition, the energy difference between the valence s
and p orbitals of carbon and silicon plays an important role in creating strong bonds and
effectively constructing nanostructures. The energy difference of Si is 5.66eV, whereas for
C, it is 10.60 eV (Ep-Es).[28] Carbon activates one valence p orbital for sp, sp2, and sp3

hybridization (triple, double, and single bonds, respectively), allowing for the synthesis of
all different shapes of carbon nanostructures. Conversely, silicon uses all three valence p
orbitals for only sp3 hybridization (single bonds). As a consequence, Si bonds with other
elements are longer than those of Carbon (as summarized in Table 1), and, thus, more
fragile.

2.2.Fabrication of nonporous Si based particles
Realizing the unique chemical properties of the Si element has aided investigators to
fabricate Si nanomaterials. One of the basic criteria for injectable particles for drug delivery
is an ability to disperse them in aqueous media and biological fluids.[31] Although there are
numerous methods to prepare Si NPs, including thermal vaporization[32], pyrolysis of
silane[33, 34], the microwave plasma decomposition method[35], laser-induced
decomposition[36-40], these synthesis methods are not compatible for biomedical
applications as they use nonpolar organic solvents and often produce hydrophobic surfaces.
[28] The first example of Si NPs synthesized from a solution was performed by Heath in
1992.[41] This liquid-solution-phase technique was used for preparing single Si hexagonal-
shaped crystals of 5-3,000 nm in size, based on the reduction of SiCl4 and RSiCl3 (R = H,
octyl) by sodium metal in a nonpolar organic solvent at high temperatures (385°C) and high
pressures (> 100 atmospheres). Other groups reported synthesis of tetrahedral Si

Jaganathan and Godin Page 3

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



nanocrystals possessing improved optical and electronic properties produced in low
temperatures and pressure by sodium naphthalenide reduction of silicon tetrachloride in 1,2-
dimethoxyethane followed by surface termination with an excess of n-butyl lithium. [42, 43]
A few studies have reported the production of water-dispersible Si particles, but these
particles do not exhibit an adequate colloidal stability necessary for biological environments.
[31]

2.3.Fabrication of Nonporous SiO based Particles
Nanomaterials composed of silica, or SiO, can intrinsically be dispersed in aqueous media.
The Stöber method, reverse mircoemulsion, and Sol-Gel process are the three general routes
for the synthesis of SiO based NPs. Stöber et al. first synthesized SiO NPs with diameter in
200 – 800 nm through hydrolysis and condensation of silicon alkoxides in alcoholic
solutions, which is now called the Stöber method.[44] A modified Stöber method was used
to fabricate fluorescent and photostable core-shell SiO particles, so called Cornell dots (C-
dots) with diameters of 3-30 nm[45]. The near-infrared dye-doped C-dots[46], which due to
their small size can pass through glomerular filtration and excreted through kidneys have
recently entered Phase I clinical trial. C-dots are aimed being tested for their safety on five
melanoma patients.[47] Reverse microemulsion method, developed by Arriagada and
Osseo-Asar, can synthesize uniform SiO NPs via water-in-oil techniques.[48, 49]

2.3.1. Sol-Gel Process—Sol-Gel process is probably the most commonly used method
for fabrication of SiO based particles. Under mild conditions of low temperature and
pressure,[50] SiO particles are synthesized from triethoxysilane (TEOS). The chemical
process can be described as follows (Equation 1):

(1)

The process allows for an accurate control over morphology and surface functionalization
by manipulating the water/silane ratio, catalyst, temperature, and the type of solvent. Acid or
base catalysis can be performed due to the low reactivity of silicon. In the presence of an
acid catalyst, linear growth of the SiO particles would form with sizes below 100 nm. In a
base catalyst, large spherical particles can form in the micrometer range.[50] Drugs can
easily be loaded into SiO particles during the sol-gel synthesis. Wen et al. demonstrated that
ibuprofen encapsulated SiO NPs produced a sustained release of drugs in artificial gastric
fluid.[51] Aside from encapsulation, the surface of SiO particles can be further
functionalized with polymers, such as chitosan[52], aiming at specific biomedical
applications. In addition, to using SiO and Si-particles, researchers have also designed SiO
as a shell component for multifunctional particles. The high solubility, vast array of
functionalization techniques, and biocompatibility make SiO material an advantage surface
coating to magnetite[53, 54], gold[55], silver[56], quantum dots[57], and carbon
nanotubes[58].

2.4. Fabrication of Porous Si and SiO particles
Porous silicon (pSi) and silica (pSiO) particles have been investigated for the past few
decades for drug delivery applications.[59] There are three types of porous structures:
nanoporous, mesoporous, and macroporous based on the diameter of the pores. The term
“nanoporous” refers to pore diameters of less than 2 nm, “mesoporous” - diameters between
2 and 100 nm and “macroporous” to pore size range of greater than 100nm.[60] Mesoporous
pSi and pSiO particles exhibit high surface areas, large pore volumes, tunable pore sizes,
and good chemical and thermal stability, making them a suitable candidate for controlled
release of drugs.[61]
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The discovery of pSi was reported more than 50 years ago by Arthur Ulhir.[62].
Electrochemical anodization is a popular method to fabricate pSi particles by using single
crystalline Si wafers in a hydrofluoric acid electrolyte solution. Drugs can be loaded into the
pores and protected from the biological environment until the particle arrives to the target
site for drug treatment. More than two decades ago, Canham, who worked for Bell industries
at that time, first demonstrated that unlike their nonporous counterparts, pSi structures are
able to degrade in physiological environments making them especially suitable candidates
for drug delivery[63]. The main degradation product of pSi is monomeric silicic acid
(Si(OH)4), which is naturally found in bone and other tissues, making pSi particles an
effective drug delivery platform. In the Western world, the average daily dietary intake of
Si, the essential body mineral, is 20–50 mg [64]. Highly pSi (porosity >50%) dissolves in
the majority of the simulated biological fluids including serum and PBS, except for the
acidic environment such as the simulated gastric fluid [59]. It was also shown that the
biodegradation of pSi structures is dependent on the porosity and the surface
modifications[65]. Since then numerous reports in this field have been published. The focus
of the majority of these studies was on in vitro interactions of pSi structures with biological
substances, such as biodegradation in physiological conditions[65], calcification [66], cell
adhesion [67], interaction with neuron interfaces and neural networks [68] and protein
adsorption [69].

Several studies demonstrated that pSi or pSiO particles can release drugs in a controlled
manner through a combination of passive diffusion and degradation.[59, 70-72] Since both
processes highly depend on pore size, the loading efficiency and release kinetics are directly
correlated to particle porosity, requiring precise control and reproducibility of the process.
[73] The surface of pSiO and pSi particles can be modified in order to attach targeting and
other molecules through relatively simple processes guided by silane chemistry [47, 74, 75].

Until recently pSi was used in the format of powdered materials obtained by ultrasonic
fracture[76, 77] or ball-milling [78] of the electrochemical etched pSi films. The resulting
particles were characterized by their irregular shape and polydispersed size even though
different subsequent sorting strategies were applied. Recent studies show that pSi particles
of submicron and micron size can be fabricated by methods used in electronic industry,
namely, photolithography and electrochemical etching.[74, 79] With 100 mm p++ Si wafer,
photolithography and etching through the silicon nitride layer creates patterns of trenches
(Fig. 2). The shape of the trenches is created by wet and dry etching process and is
dependent on the nucleation mechanism of Si. After the formation of the Si particles on the
wafer, high current density is applied which releases the particles from the wafer and
suspends in isopropanol.[79] Afterwards, drugs can be loaded within the pores by simple
capillary action. In particular, these pSi particles can be used as a multistage drug delivery
system, called a multistage vector (MSV). In a MSV using pSi particles, drugs and other
therapeutics can be carried, protected, and released using different layers and features on the
particles.[80-83] The control over pore size, volume, thickness, and reproducibility of pSi
are achieved easily in electrochemical anodization by varying the current during etching. We
have studied these particles intensively and have been able to tailor the particle size, the pore
size, and the shape to biological properties required.[79, 84]

Other etching methods, such as stain, photochemical, hydrothermal and galvanic, can also
produce pSi particles. The problem with these methods is the limited reproducibility and
production of non-uniform pores.[73] Other top down techniques for pSi particles is through
sonication or ball milling of pSi layers. These techniques, however, produces polydispersed
fragments of random size and shape.[79]
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Mesoporous pSi particles are comprised of highly-ordered, hexagonal pore structures with
empty channels.[85] SiO materials are stable and resistant to heat, pH, mechanical stress,
and hydrolysis-induced degradation. As for pSi particles, the high surface area and tunable
pore sizes allow for the adjustment of loading different drug concentrations and molecules
into pSiO particles.[61]

Co-condensation, grafting, and imprint coating methods are the approaches to modifying
mesoporous pSi particles.[61] As an example, Nakamura et al. successfully synthesized
highly monodispersed thiol-functionalized nanoporous pSiO spheres with diameters in the
submicron range using a surfactant-directed co-condensation of tetramethylorthosilicate
(TMOS) and 3-mercaptopropyltrimethoxysilane (MPTMS) in a very dilute alkaline
methanol–water mixture. In this study, the uniform spherical shape and the ordered
hexagonal porous structure were simultaneously achieved at the molar ratio of MPTMS in
the SiO source below 0.5.

2.5.Surface modifications
The surfaces of Si particles are typically covered by other atoms and substituents, including
the hydrides, Si-H, Si-H2, and Si-H3. The Si-H, or silane, bonds are more reactive than C-H
bonds due to the larger polarization and the relatively weak bond energy (318 kJ mol−1)
compared to hydrocarbon bond energy (411 kJ mol−1). Silane bonds are stable only for short
periods in air.[28] In addition, silanes readily oxidize in aqueous media. For biomedical
applications, particle surfaces must be non-reactive when exposed to physiological
temperatures, molecules, and environment. Passivating Si particles protects the surface from
being reactive.[86] Surface treatments to stabilize the particles involve partial oxidation,
stabilization with Si-C bonds, and bioconjugation. Partial oxidation is performed at 300°C,
in which oxygen atoms attach to back-bonds of surface Si atoms instead of replacing
hydrogen atoms. Partial oxidation changes the surface from hydrophobic to hydrophilic, an
important feature for a drug delivery vehicle as it will be soluble in biological fluids.[86]
Thermal, anodic, photo and chemical are also other techniques for oxidation.[87-90] Si-C is
another method to make hydrophilic surfaces on Si nanostructures.[91-93] Using the
hydrosilylation of alkenes and alkynes, the Si-C bonds replace the surface silane bonds.
Thermal carbonization is another technique, in which the carbonized surfaces are stable in
chemically harsh environments.[94] The silanol group used to synthesize SiO nanomaterial
reacts with various compounds to form amine, carboxyl, and thiol groups. The versatility of
SiO chemistry allows for an unlimited possibility of surface modifications using different
biomolecules. SiO surfaces exhibit a negative charge. Oxidation of the Si surface generates
hydroxyl units imparting the negative zeta potential to the Si particles (similarly to SiO
surface), while conjugation of amino silanes (e.g. 3-Aminopropyltriethoxysilane (APTES))
inverts the zeta potential to positive. Both states can be used for subsequent
functionalization of pSi with surface moieties. One technique, called the layer-by-layer
(LBL) procedure, can effectively cover SiO NPs with controllable thickness by alternative
layering of positive and negative charged polyelectrolytes on the surface.[98] Thiol
chemistry on SiO NPs was demonstrated for the immobilization of oligonucleotides.[95]
The conjugation of enzymes and antibodies to SiO surfaces were demonstrated using amine
chemistry.[96] In addition, physical absorption of biomolecules, such as avidin[97], on SiO
surfaces can also be used for passivation, but the weak interaction between the biomolecules
and surfaces can be interrupted in a biological environment. Electrostatic interactions can
also be used for SiO surface coverage.

The surface of the pSi and pSiO provides a suitable platform for the covalent conjugation
and electrostatic attachment of a vast spectrum of targeting ligands, dyes, fluorophores,
fluorescent tags, radioactive molecules and other functional moieties[65, 99-102]. Systems,
such as phage displaying targeting peptides-gold nanoparticles networks (nanoshuttles[103])
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can be easily attached to the surface of Si and SiO particles based on electrostatic
interactions producing multifunctional nanoassemblies.[104] Well characterized silane
chemistry enables the use of several commercially available bioconjugation kits to easily
covalently functionalize the surface of Si and SiO particulates. This provides an opportunity
for an incorporation of an imaging component, such as near infrared (NIR) dye, single
photon emission computed tomography and positron emission tomography agents, while
still keeping the pores available for loading drug agents overall creating a theranostic
systems with synergistic functionalities[74]. As an example, in our recent study following
conjugation of NIR probe to the surface of pSi hemispherical particles, the biodistribution in
healthy mice was successfully tracked and the accumulation of the NIR-labeled pSi particles
in the different organs was quantified based on image analysis[102].

In addition to the amorphous, crystalline and pSiO and pSi particles discussed above, many
groups have developed other silicon based, nanosized structures, including nanowires,
nanotubes, and nanocages. While their fabrication methods, stability and biocompatibility
are not discussed here in detail, it is important to be aware that all these different structures
are promising candidates as a drug delivery vehicle. The next few sections of this review
describe the biocompatibility assessments of different silicon based nano- and micro-
structures to four main routes of drug delivery (intravenous, inhalation, dermal, and oral).

3. Biocompatibility assessment for Si and SiO particles
Human exposure to Si based particles is increasing due to their high abundance in everyday
(e.g. consumer) products as well as an increased interest in exploring the usage of Si and
SiO particles as drug delivery carriers to tumors and other conditions. However, the adverse
effects, induced by particles are not fully understood and are under extensive
characterization. The four main external contact and drug delivery routes that we will cover
in the following subsections are the intravenous injection, pulmonary inhalation, skin
contact and gastrointestinal route (Fig. 1).

3.1.Effects of Intravenously administered Si and SiO particles
In intravenous injections, micro and nano-particles face multiple biological elements and
boundaries as they travel to the targeted tissue. The main cell populations that come into the
close and immediate contact with intravenously administered particulates are blood-born
cells, such as erythrocytes, white blood cells (e.g. monocytes, neutrophils), tissue
macrophages and endothelial cells aligning the vessel walls. Generally, if the endothelial
wall is bypassed, the particles will be able to translocate to the epithelial cells. Macrophages
recognize particles as foreign agents and aid to clear them out from the body. Below in vitro
and in vivo studies about the contact of Si and SiO particles with body organs are being
summarized, while in vitro interactions are divided to (1) cells involved in the vascular path,
(2) macrophages, and (3) epithelial/stroma cells from cancer and other tissues.

3.1.1. In vitro studies with endothelial cells, blood-born cells and
macrophages—In intravenous injections, Si based particles first encounter the blood
environment and the vascular barrier of endothelial cells. Table 2, 3 and 4 summarize
studies assessing Si- and SiO particles contact with endothelial cells, erythrocytes and
macrophages, respectfully. A number of in vitro studies have reported that for amorphous
SiO NPs the decrease in cell viability was dose and size dependent. Our works show that for
pSi microparticles of different shapes and surface modifications, generally very low toxicity
was observed following the contact with endothelial (Human Umbilical Cord Vascular
Endothelial Cells, HUVEC and Human Micro-Vasculature Endothelial Cells, HMVEC)
cells[65, 74, 102, 105-108]. As an example, we observed that following internalization of
pSi microparticles, endothelial cells maintain cellular integrity, as demonstrated by cellular
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morphology, viability and intact mitotic trafficking (Fig. 3)[106]. Moreover, as shown in
Fig. 3, the presence of gold or iron oxide nanoparticles within the porous matrix did not alter
the cellular uptake of particles, the viability of endothelial cells or rate of mitotic divisions.
Endothelial cells maintained basal levels of proinflammatory cytokines IL-6 and IL-8
release in the presence of pSi particles. Interestingly, polarized, ordered mitotic sorting of
endosomes bearing pSi particles within the daughter cells was observed.

An interesting recent work has compared the effect of nonporous SiO nanospheres produced
by Stöber method, mesoporous Si nanospheres, mesoporous Si nanorods with aspect ratios
of 2, 4, and 8 (Fig. 4), and their cationic charged counterparts on macrophages, erythrocytes
and cancer epithelial cells. The authors observed cell-type-dependent toxicities of various
particles. In general, cancer epithelial cells were not affected by SiO nanoparticles treatment,
while macrophages responded differently to systems possessing various charges. Geometry
did not have an effect on toxic reactions produced by the particles, while porosity and zeta
potential prominently influenced cellular association of the particles and viability (Fig. 5)
[109]. This difference in toxicity may result from intrinsic biological functions of the cells:
while macrophages are professional phagocytes, being the first cells in the line of defense of
the immune system, epithelial cells to not readily uptake foreign objects. As a part of the
reticulo-endothelial system (RES), macrophages aid in the uptake foreign particulates
introduced to the body. Thus, understanding the effects of nano- and micro- particles on
macrophages is very important to estimate the overall toxicity. When particles are
administered intravenously, adsorption of serum proteins (or opsonization) on the surface of
the particles makes them more susceptible to contact with macrophages mediated by cell
surface receptors. While particle uptake by macrophages can be used as a targeting strategy
to inflamed regions, non-specific internalization by Kupffer cells (tissue macrophages of the
liver) can cause a significant drop in the concentration of the particles in the blood.[110]
Table 4 summarizes several in vitro studies on interactions of Si and SiO based particles
with macrophages. In general, Si NPs induced more toxicity to macrophages at lower
concentrations than Si microparticles. The high surface area in NPs may have an effect on
decreased cell viability. It was also suggested that smaller particles may stimulate greater
cytokine production than larger particles, explaining the higher toxicity at lower
concentrations.[111]

In studies on erythrocytes, unmodified pSiO particles exhibited a porosity- and geometry-
dependent hemolytic activity while pSiO particles with high aspect ratio caused significantly
less hemolysis. It can be explained by the reduced contact area of porous particles with red
blood cells membrane and by the fact that unlike their solid analogues, porous particles
degrade to harmless orthosilicic acid[65, 105, 112]. Other studies confirmed that
mesoporous pSiO and pSi particles demonstrate lower hemolytic activity than their
nonporous analog, indicating the suitability for systemic drug delivery through the blood.
[85] Our results of incubation of the pSi multistage carrier with whole mouse blood showed
that the particles did not induce erythrocyte lysis and plasma contents of iron was not
significantly different from untreated control. In contrast, incubation of the whole blood
with positive control particles having sharp edges resulted in a significant increase of the
iron contents in the plasma (12 μg/ml) indicating hemolysis of RBC [100].

3.1.2. In vitro studies with epithelial cells, fibroblasts and other cells—Studies
summarized in Tables 5 and 6 present in vitro studies on contact of Si and SiO particles with
epithelial, neuronal, stem cells, lymphocyte, and fibroblast cell lines. It is evident that
particles cause a dose-dependent and time-dependent cytotoxicity on the cells. Moreover,
the toxicity studied in in vitro tests depends on the cell type, particle size, particle shape,
particle structure, and aggregation state. Yuan et al. demonstrated that the size of the NPs is
a critical parameter to induce toxicity. After exposing human embryonic kidney cells

Jaganathan and Godin Page 8

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



(HEK293) to various sized SiO particles at dosages ranging from 20 to 2000 μg/ml for 24
hours, smaller (20 nm) SiO particles exhibited more cytotoxicity than the larger SiO
particles (50, 80, 140, 280, and 760 nm). Cells also presented with apoptosis after incubation
with 20 nm SiO particles.[122] Furthermore, most of the in vitro studies presented used the
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) test to measure the
cell viability. Fisichella et al., however, investigated that Si based particles can promote
exocytosis of the formazan crystals from the MTT assay and can falsely estimate the cell
viability.[123] In addition, in vitro assays usually provide short-term effects on the cells.

The next section focuses on in vivo studies evaluating effects of intravenously administered
Si and SiO particles.

3.1.3. In vivo studies on intravenously administered Si and SiO particles—It is
difficult to extrapolate the in vitro results to in vivo effects. In vivo studies provide more
relevant information such as the effect of Si based particles on the system as a whole
including effects on all the separate elements, as well as the long-term outcomes. Table 7
summarizes a number of in vivo studies with systemically injected Si and SiO particles.
Several studies have shown that pSi and pSiO particles were cleared out within a month
from the body with no system toxicity [14, 131]. An effective clearance can prevent toxicity
induced by residual metal ions and foreign materials in the body. Most of the porous
particles were deposited in the liver and spleen. In a study by Huang et al., th dependence of
clearance on the shape of the particles was observed. Short rod-shaped SiO NPs were
trapped in liver and cleared out quickly, while long rod-shaped SiO NPs were trapped in the
spleen.[14] Lu et al., however, reported that although clearance of non-porous NPs was
significantly delayed, there were no differences in cell metabolic profiles.[132] It is known
that nonporous Si and SiO materials is not easily degradable, which can explain this
observation. Still, nonporous amorphous Si based particles displayed no significant toxicity
to mice. Following acute (single injection) and sub-chronic (four consecutive injections with
1-week difference in between) injections, biocompatibility of negatively (−33mV) and
positively (+9mV) charged pSi microparticles was examined[133]. No change in plasma
levels of renal (BUN and creatinine) and hepatic (Lactate Dehydrogenase, LDH) biomarkers
as well as 23 plasma cytokines was observed as compared to saline injected animals
(negative control). pSi microparticles also did not alter LDH levels in liver and spleen, nor
lead to infiltration of white blood cells into the major organs, suggesting that they are safe to
be used as a carrier for drug delivery. Overall the in vivo studies on the cytotoxicity of Si
based particles displayed no immunogenic and toxicity issues.

Another interesting biocompatibility issue with the delivery of nano and micro particles as
drug delivery vehicles is their possible application in pregnancy. We were first to report that
there is a particle size dependency on the translocation through the placenta.[140] The 834
nm and 1 μm Si particles were not able to pass through the placenta in pregnant rats,
whereas, the 519 nm Si particles were found in the fetus (Fig. 5). In the following study, by
Yamashita et al., smaller sized SiO particles (70 nm) were found in the fetal liver, fetal
brain, and induced complications at high concentration of 0.8 mg per mouse.[141] It was
concluded that SiO delivery to pregnant rats can be detrimental to the fetal development.
The fetus is extremely sensitive to the environment and therefore, the addition of small sized
particles can cause adverse effects.

3.2. Si and SiO particles administered through Inhalation
Pulmonary route represents another drug delivery approach. Additionally, lungs represent
one of the most frequently contacted organs by air-born particles. Brownian diffusion allows
particulates to travel in air, creating a possibility of inhaling drug-loaded particles.[16]
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Particles can easily reach the lungs, travelling through the nose and larynx.[142] For
diseases, such as lung cancer, designed particles can target lungs in order to treat and image
the tumor site. Si-based nanomaterials, however, has not exhibited promising results. As an
example, exposure to crystalline SiO has resulted in various respiratory diseases, such as
silicosis, interstitial fibrosis, industrial bronchitis, small airway disease, and emphysema.
[143-146] In contrast, amorphous SiO is considered to be less toxic for inhalation
applications. The in vitro and in vivo studies on Si-based materials contact with lung cells/
tissues are summarized in Tables 8 and 9, respectively.

Most of the in vitro studies with A549 epithelial human lung cells[148] reported a time and
dose-dependent decrease in proliferation induced by Si based particles, regardless of the size
in the sub-micron range. Furthermore, Ale-Agha et al. reported that the gap junctional
intercellular connection (GJIC) is an important factor in in vitro toxicity. After the treatment
with ultrafine SiO NPs, GJIC decreased by 77%, indicating the reduction in intercellular
communication and signaling.[147]

Controversial in vivo data about pulmonary exposure to Si and SiO particulates can be
found in the literature. The comparison between the results obtained in various studies is not
trivial due to the use of different dosages, time points, and animal models. Interestingly, in
one study SiO nanorods administered into mice demonstrated no toxicity compared to
control tissues between a 5 – 14 hours exposure.[154] This indicates that shape plays a
significant role in interaction of Si-based materials with lung tissue and this factor should be
considered when designing nanostructures for drug delivery applications through inhalation.

Chen et al.[142] studied whether the age of the animals should be a concern when
understanding pulmonary toxicity of air-born particles. The factors that vary with age of the
animals are: lung volumes, respiration rates and metabolism. Since old rats have a higher
respiration volume, higher uptake of SiO NPs is expected when compared to younger rats.
This could be a reason for observing a massive infiltration of inflammatory cells in the old
rats and no significant levels of the above in younger rats.[142]

While these studies attempt to understand the potential pulmonary toxicity induced by Si
based particles using in vitro and in vivo models, it is important to realize that clinical
evidence on the exposure to SiO NPs has been reported. Song et al. studied a group of
patients that were exposed to NP-filled aerosol paint. Patients exhibited mysterious
symptoms of pleural effusions, progressive pulmonary fibrosis, and pleural damage. Within
three months of the onset of illness, 20 nm SiO NPs were found in pulmonary microvessels,
vascular endothelial cells, macrophages and microlymphatic vessels. After eighteen months
of the disease, the amount of nanoparticles found in the pulmonary cells and macrophages
was lower, but fibrous SiO nanostructures with lengths around 70 nm were detected in the
nucleus and cytoplasm of alveolar epithelial cells.[158] It is thought that the exposure to SiO
NPs from aerosol paint may have contributed to the patients’ illnesses. Therefore, it is
important to completely understand the issues underlying nanosystems prior to using them.

3.3. Skin contact of SiO particles
Dermal exposure is one of the most common ways of contact with air-born particulates. NPs
in air can contact skin surface and in some (rare) cases permeate the skin barrier. Moreover,
dermally applied drugs constitute one of the largest branches of pharmaceutical market.
High concentrations of a therapeutic agent can be applied at the topical site targeting a
pathological condition and reducing systemic side effects.[159] The skin is the organ with
the largest surface area that is in contact with particulates distributed in the air. Its intrinsic
property as a permeability barrier, however, prevents the vast majority of nanoparticles to
cross it and to be absorbed systemically by viable tissues. [99, 160-162]
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Understanding the structure of the skin barrier is imperative for an evaluation of the possible
fate of particles contacting the intact skin. The skin is a multilayered organ with the main
two compartments being epidermis and dermis (Fig. 6). Epidermis, and particularly its
outermost layer, stratum corneum (SC), represents the most important control element in
transport of substances into and across the skin. SC can be described as a “brick and mortar”
structure where the bricks are corneocytes, terminally differentiated metabolically inactive
cells of the skin epithelia filled with insoluble keratins, and mortar is the continuous
intercellular lipid phase, composed mostly of ceramides, cholesterol, free fatty acids and
cholesteryl esters[163]. This unique chemical composition of SC and very low water content
(~15% w/w) impart to this protective layer a highly lipophilic nature. Thus, only low
molecular weight xenobiotics (<500 Da) with intermediate lipophilicity or specially
designed carriers can cross this intrinsic barrier and be absorbed to the deeper layers of the
skin or, through the network of blood capillaries located in the dermis, to the systemic
circulation.[163] Generally, a substance applied on the skin surface has three possible routes
to reach the viable tissue: intercellular through SC lipids, transcellular across the
corneocytes, and transappandageal via skin appendages (hair follicles, eccrine sweat ducts,
etc.) (Fig. 6). The majority of free molecules are believed to be absorbed through the intact
SC through the intercellular tortuous route. Because of the low fractional appendageal area
(about 0.1%), except for ions and highly polar molecules that struggle to cross intact SC,
this pathway usually adds little to steady-state drug flux. However, appendages may
function as shunts, which may be important at short times prior to steady-state diffusion.
Additionally, particulates can specifically target this route.

Application of SiO particulates on the skin surface is generally considered safe. It is
noteworthy that sol-gel systems, introduced by Avnir in 1984, were approved for treatment
of rosacea and acne and have been used in sunscreen formulations. Still, as for any other
systems, controversial results regarding their interactions with skin can be found in the
literature. There are no systematic studies on the contact of Si particles with the skin. Table
10 summarizes a number of studies about the interaction of SiO particles performed on in
vitro, ex vivo, and in vivo skin models. In an in vitro study with human keratinocytes
(HaCaT), Park et al. observed dose-dependent cell viability after the treatment with 7 nm
and 10 nm SiO particles.[164] Zhang et al. observed that size-dependent cytotoxicity using
SiO NP (80 and 500 nm).[165] Compared to the 500 nm SiO NPs, the 80 nm SiO NPs
decreased cell viability and blocked cell proliferation for human dermal fibroblasts. As
mentioned previously, this result may be due to the large ratio of surface area to weight in
smaller NPs, causing more side effects. The 80 nm SiO particles induced a disruption of the
mitochondria membrane, which may have resulted in mitochondria dysfunction and
cytotoxicity. In the scratch test, the addition of SiO particles decreased the rate of healing.
[165] Nabeshi et al.[166] have evaluated size-dependent intracellular localization and
cytotoxicity of SiO particles, using the mouse epidermal Langerhans cell line, XS52.
Langerhans cells are the skin macrophages located in the viable epidermis. The results
suggest that 70 nm particles had significantly higher uptake and cytotoxicity than 300 and
1000 nm particles. Although these studies were performed in 2D culture, they provide
preliminary information on the effects of cellular function with the addition of SiO particles
to skin cells. However, it should be kept in mind that in order to reach viable strata of the
skin, the particles should first bypass the metabolically inactive skin barrier.

As the skin possess many layers of different types of cells, it is useful to test cytotoxicity
and obtain relevant results on three-dimensional (3D) in vitro cultures, ex vivo tissues, and
in vivo systems. EpiDerm™ skin model is a 3D culture model of human keratinocytes that
includes a cornified layer that mimics the skin morphology. No significant change in cell
viability was observed in this model after treatment of SiO NPs (7 and 10 nm) at high
concentrations of 500 μg/ml for 5 hours and 18 hours.[164] Additionally, ex vivo models
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are valuable in understanding the interactions of NPs to the different layers of the skin. Graf
et al. have demonstrated that sub-micron particles in buffered solution were distributed
around the stratum corneum and in the hair follicles in an ex vivo model of plastic surgery
patient skin samples.[169] In an in vivo study, SiO NPs (50 nm) aided submicron emulsions
to penetrate into the epidermis and dermis of pigs after 6 hours exposure.[170] Additionally,
the Draize skin test, an acute toxicity assay devised by the FDA, revealed no evidence of
edema or erythema in rabbits after 24 or 72 hours of application of SiO particles.[164]

Skin penetration is highly dependent on the surface properties of the particle. While SiO
NPs with surface hydroxyl group increase the hydrophilicity of the drug delivery systems
and is able to protect on the active payload[159], a critical parameter to consider is the
isoelectric point.[168] The isoelectric point for SiO is 2.3 to 2.8[171] and for skin is 3.5 to
4.8, making both surfaces negatively charged under physiological conditions.[159] By
modifying the surface of the particles to positive charge, SiO particles can be attracted to the
negatively charged skin surface.

Sunburn and some types of cancer are related to UVB (280 – 315 nm) radiation as DNA is
damaged by the formation of thymine-thymine dimers. Sun-tanning, photoaging, and
malignant melanoma are due to UVA rays (315 – 400 nm) that damage DNA by free radical
generation. According to the material properties and simulations, Popov et al. reported that
Si particles effectively attenuate the 400 nm signal compared to titanium oxide particles,
suggesting that Si particles can aid in prevention of UVA radiation.[172]

In general, solid particles of >20nm in diameter are not expected to penetrate the intact SC
layer, although they may accumulate in skin shunts. Thus, products based on SiO particles
are being approved for the treatment of conditions involving skin appendages, such acne and
rosacea.

3.4. Contact of Si and SiO particles with gastrointestinal tissues
Gastrointestinal (GI) route represents the most common and patient-compliant way of drug
administration. However, some of the drugs have poor pharmacokinetic profiles when
administered orally.[118] The major barriers in oral delivery are the enzymes in the upper
parts of the GI system, the pH changes in the GI tract, absorption and efficient permeability
across the intestinal wall[173], presence of bile salts[60] and liver-mediated first pass
metabolism.[118] The pH levels change throughout the GI tract, the pH in the stomach is 1 –
3 while in the small intestine, the pH is 6.5 – 7.0 and in the colon, it is 7.0 – 8.0.[174] Drug
absorption occurs through paracellular transport along the epithelial lumen of the small
intestine. However, the tight junctions among adjacent enterocytes form a barrier for drugs.
[175] The presence of bile salts can affect the structure of the drug molecule and therefore,
its function. The absorbed drugs then pass through the entero-hepatic circulation, and the
“first-pass metabolism” in liver can clear the active agent before reaching the systemic
circulation and the intended site.

In this type of complicated environment, Si and SiO particulates can have clear advantages
for overcoming various hurdles of oral delivery and protecting the encapsulated molecule. Si
and SiO-based materials are hydrophilic which increase the wettability of water-insoluble
drugs in the GI tract.[176] Moreover, since Si and SiO particles are low-pH resistant there is
a clear the rationale for using them as a drug delivery system for orally administered drugs
to protect from low pH in stomach.

In one in vitro study, the toxicity induced in human esophageal epithelial cells (NE083) was
studied with crystalline and amorphous SiO NPs. The crystalline SiO NPs showed a dose-
dependency on Caco-2 cell viability. Compared to crystalline SiO, amorphous SiO NPs
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were less toxic at doses ranging from 0.156 to 10 μg/ml. TEM analyses has shown that the
morphology of esophageal epithelial cells did not change following uptake of amorphous
SiO NPs. For crystalline SiO NPs, however, it was observed that the organelle membrane
ruptured and there was direct contact between the NP and cytoplasm, which may lead to
direct chemical exchange and toxicity in esophageal epithelial cells.[177]

Under in vivo conditions, SiO NPs (diameters of 70, 300 and 1000 nm) were administered to
mice at a maximum dose of 100 mg/kg. The 70 nm SiO NPs were lethal to mice at doses
greater than 20 mg/kg, while the 300 and 1000 nm SiO NPs did not affect the mice. Also, no
toxicity and abnormalities were observed in any of the analyzed organs (spleen, kidney, and
lung) after the administration of the 300 and 1000 nm SiO NPs. However, after the
administration of 70 nm SiO NPs, degenerative necrosis of hepatocytes in the liver was
observed and after chronic administration of 70 nm SiO NPs, liver fibrosis was observed.
[178] These in vivo studies reiterate that potential toxicity through oral delivery is highly
dependent on the size of the NP carrier. As mentioned above for studies involving
erythrocytes and skin, surface area of small sized particles plays a major role in cytotoxicity
during GI exposure. For large sized particles, however, the size properties may be more
dominant than surface area properties, which may have reduced toxicity.

In addition to non-porous SiO NPs, pSi and pSiO are being investigated as oral drug
carriers, due to their large pore volumes and thus the ability to load drugs in the pores.
Possessing a high surface free energy due to their large surface area, drug molecules can be
absorbed into the pores to reach a low state of free energy. Orally-administered drugs can be
loaded and protected in pSi based particles due to the large surface area, large pore volume,
highly ordered pore structure, and adjustable pore size. The large surface area and pore
volume of mesoporous pSi and pSiO particles allow drug molecules, that are water
insoluble, to remain dispersed within the pores and improve absorption.[179] Oral
absorption of molecules/drugs, such as naphthalene[60], itraconazole [180, 181],
antipyrine[78], ibuprofen [78, 182, 183], griseofulvin[78], ranitidine[78], furosemide[78],
indomethacin [179], insulin [175], telmisartan [184], and sulfasalazine [185], loaded into
mesoporous pSi and pSiO particles have been reported. While these studies demonstrate
promising results for mesoporous pSi and pSiO particles as oral drug delivery carriers, there
are still only a few studies characterizing their safety profile in the GI tract.

The stability of pSi particles is important in the GI tract. It was shown that bare pSi
exhibited high surface oxidation after eighteen hours incubation in simulated intestinal fluid.
[186] After functionalization with alkyl groups, Albrecht et al. demonstrated that the porous
particles had high resistance to oxidation in the gastric and intestinal fluids.[186] Surface
oxidation and other chemical/physical exchanges between the particle and GI environment
can produce unpredictable toxicity by reactive oxygen species (ROS). However, if the
particles are already oxidized, the contribution of these processes can become negligible.

Consistent with the idea that toxicity is dependent on surface area, Bimbo et al. observed
that pSi microparticles (10 – 25 μm) induced more toxicity by decreasing cell viability than
small porous silicon particles (97, 126, 164 nm) in human colon carcinoma cells (CaCo-2).
Unlike nonporous SiO particles, pSiO exhibit large surface areas, which may be causing
toxicity in cells. In non-toxic concentrations, microparticles were not internalized by the
CaCo-2 monolayers but were in close proximity to cells.[118] At higher concentrations (2 –
14 mg/ml) of mesoporous pSiO microparticles, Caco-2 cell membrane integrity weakened
along with diminished cell metabolism and increased apoptotic signaling.[183] Smaller
porous particles (50 nm) also exhibited insignificant toxicity after treating at various
concentrations from 1 to 500 μg/ml in human colon cancer cell line (HT-29).[174] It was
observed that cell viability was particle size dependent, while the production of intracellular
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ROS was particle concentration dependent. Although the 1- 10 μm particles produced a high
level of ROS in CaCo-2 cells, it was significantly lower than ROS production from the
administration of H2O2 (positive control). In addition to inducing low toxicity, these
particles degraded over time, allowing for the potential controlled release of drugs. In in
vivo experiments, there was no evidence of toxicity in rabbits and dogs that were
administered with mesoporous silica particles (0.2 – 1 μm) orally.[180]

Other types of oral delivery carriers using Si and SiO materials have also been investigated.
Tan et al. developed a SiO-lipid hybrid microcapsule that enhanced drug dissolution
characteristics and improved absorption.[176, 187] Si-nanowires coated with SiO
microparticles enhanced particle adhesion and drug permeability.[188] However, the effects
induced in the GI tract for these unique structures have not been investigated.

In general, more careful and systematic studies on the effects of Si and SiO particles in the
GI tract are highly demanded. It is especially true, due to the fact that high drug/delivery
system doses (> 200 mg) are required for oral administration. In vitro studies, therefore, do
not provide the entire picture as most in vitro studies test the effects of lower concentrations.
[183] Moreover, oral toxicity was primarily assessed by the data from the MTT assay. The
colorimetric test on in vitro cultures, however, should not be final judgment on cytotoxicity
issues since it was reported that MTT test results can be impaired by pSi particles with
oxidative potential [189]. The toxicity observed is not necessarily from the immediate
processes that directly affect cell viability, rather it may arise from the alterations on the
genetic level.

4. Genotoxicity of SiO particles
Introducing NPs into cells can cause adverse effects at a genetic level, which is called
genotoxicity. Cytotoxicity is when cell death (necrosis) occur from membrane lipid
peroxidation, membrane rapture, energy depletion, or organelle destruction, whereas,
genotoxicity is when cell death is due to apoptosis and changes in interconnected signaling
pathways.[190] The biological structure of DNA is designed to store information with great
stability, thus any type of mutation and damage to DNA molecules can affect cellular
processes and functions. Moreover, genetic instability is largely associated with different
forms of cancer. Therefore, it is important to understand the potential genotoxicity induced
by particles that are delivered as drug vehicles and are internalized by cells.[191]

Particulates can affect the genes either directly or indirectly, which is termed as primary or
secondary damage (Fig. 7). The main mechanism to induce genotoxicity is the ability of
particles to produce oxidative stress.[191] Oxidative stress is the imbalance between ROS
and antioxidant conditions in the cell. ROS is responsible for oxidation of DNA bases,
breakage of DNA strands, and lipid peroxidation-mediated DNA adducts.[192] In the
primary mechanism, metal NPs, depending on their physical and chemical properties, can
directly produce oxidants, such as highly reactive hydroxyl radicals (OH•). Insolubility and
surface properties of NPs are main factors to directly affect cell genotoxicity. Although not
common, small NPs can directly affect DNA by permeating into the cell nucleus. As an
example, small SiO NPs (40 – 70 nm) were found in the nucleus of HEp-2 cell (human
epithelial) directly contacting DNA strands during mitosis.[193] Also, free metal ions from
particles can induce permeability of nucleus barriers, therefore, indirectly damaging DNA
molecules. Additionally, particles can stimulate mitochondria in cells to produce ROS which
can destabilize genetic material of the cells. In the secondary mechanism, genotoxicity arises
from inflammation. Particles can induce inflammatory cells, such as macrophages, to
produce and deliver oxidants to cells. [191, 192] The efficiency of intra- and extracellular
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defense systems for antioxidants and repair systems for DNA is important in determining the
secondary genotoxicity.[192]

Genotoxicity can be tested using different approaches. The genotoxic potential of particles
can be evaluated by using non-cellular, biochemical techniques that examine the
conformational changes and strand breakage of DNA, by in vitro assays that mainly test for
primary mechanisms, and by in vivo assays that test both primary and secondary genotoxic
mechanisms.[192] The comet assay is the standard test performed to examine potential
genotoxicity induced in cells. It is used to examine bacterial reverse mutations and the in
vitro mammalian chromosomal structural aberrations. It is used to analyze the unrepaired
DNA strands and alkali-labile DNA base sites in cells. At a higher pH (> 13), the assay is
able to detect DNA lesions and single-strand breaks with higher sensitivity, which is called
the alkaline comet assay.[191] Using basic electrophoresis concepts, the assay can provide
different parameters, such as tail length, percentage DNA in the tail, and tail moment,
indicating the amount of DNA breakage.

In 1997, crystalline SiO was classified as a carcinogen by the International Agency for
Research on Cancer.[194] However, an independent review by Borm et al. stated that in
vitro and in vivo studies performed after 1997 show evidence that the crystalline SiO
particles was not completely carcinogenic, but rather induced genotoxicity by the secondary
mechanism, stimulating inflammation.[195] Amorphous SiO particles, however, were found
to be safe.[191] Jin et al. tested negative in the alkaline comet assay on human lung
epithelial cells (A549) when using 50 nm SiO NPs doped with luminescent dyes.[190] In the
lungs, it was reported that glutathione (GSH), an antioxidant found in lungs, protected
against possible cell injury and genotoxicity induced by 5 μm crystalline SiO particles in rat
alveolar macrophages.[196] Likewise, Wang et al. tested amorphous SiO particles of 7 nm
in size on WIL2-NS, a human B-cell lymphoblastoid cell line, and reported a negative result
in the alkaline comet assay. The authors, however, reported positive results after the
hypoxanthine guanine phosphoribosyltransfease (HPRT) gene mutation test. [197] In
another study, after treatment with 14 nm SiO NPs, no increase in DNA damage was
detected, but the number of oxidatively produced lesions slightly increased in Caco-2 cells.
[198]

Choi et al. reported that SiO NPs (10 nm) may cause primary DNA damage but not
mutagenicity in both the mouse lymphoma (L5178Y) and human bronchial epithelial cells
(BEAS-2B).[199] Additionally, hypomethylation of DNA was found after the treatment of
human keratinocytes (HaCaT) with SiO NPs.[200] Jin et al. observed that luminescent SiO
NPs induced an increase in hOgg1 enzyme (related to DNA repair) expression, but no
change in enzyme activity in A549 cells.[190] After the exposure to SiO particles (14 nm),
Ale-Agha et al. observed changes in the subcellular localization of connexin-43 and of β-
catenin, proteins for gap junctional intercellular communication, in rat lung epithelial cells
(RLE).[147] Interestingly, Huang et al. reported that mesoporous SiO NPs decreased ROS
production in human malignant melanoma cells (A375), a skin cancer cell line, but
adversely caused an increase in cancer cell proliferation.[201] While these few described
studies exhibit minor evidence of genotoxicity, it is still unknown whether the oxidative
stress formed was through direct or indirect mechanisms.

One of the main reasons for oxidative stress is due to changes in particle surface properties.
Barnes et al. found no genotoxicity SiO NPs (30, 80, and 400 nm) with different surface
coatings (alumina coated (chloride-ion stabilized), sodium counter-ion stabilized, and
unstabilized) at the dose of either 4 or 40 μg/ml in 3T3-L1 fibroblasts. [202] In addition,
there was no evidence of oxidative stress due to particle aggregation. Similarly, Park et al.
tested the size dependency (10, 30, 80, and 400 nm) on chromosomal aberrations using the

Jaganathan and Godin Page 15

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



micronucleus assay and gene mutations using the lacZ gene mutation assay in 3T3-L1
mouse fibroblasts.[203] In these cells, 80 nm silica particles induced chromosomal
aberrations, while both the 30 and 80 nm particles induced gene mutations. In addition,
another study demonstrated that although the uptake of SiO particles (80 nm and 500 nm) in
fibroblasts did lead to excess production of ROS, the particle internalization decreased the
mRNA levels for fibronectin and laminin, which are related to the adhesion characteristic of
the cells.[165] In another study, Waters et al. observed that genotoxicity was not induced by
particle number or mass, rather it was induced by particle surface area.[120] While these
studies do not indicate a direct dependence of size on genotoxicity, there is evidence that
small sized NPs can cause genotoxicity compared to large sized NPs due to the high surface
area.[204]

In addition, the type of cell that is being tested can also influence the genotoxic outcome.
For example, cells with long doubling times were more susceptible to damage than cells
with short doubling times, such as cancer cells.[202] In a recent study Yang et al. explored
the interrelationship between particle size and shape by testing four types of particles with
distinct chemistries, namely carbon black (CB), single wall carbon nanotube, SiO and zinc
dioxide (ZnO) NPs. Following the examination of cytotoxicity, genotoxicity and oxidative
effects of particles on primary mouse embryo fibroblast cells, it was found that ZnO induced
the most cytotoxicity, and intracellular oxidative stress levels (measured by ROS generation,
glutathione depletion and malondialdehyde production). In this work, SiO (~ 20 nm)were
found to be safer than the comparative systems, showing the importance of particle
composition in the cytotoxic effects of different NPs, while the potential genotoxicity might
be mostly attributed to particle shape [205].

Similarly, different cell types in vivo demonstrated different genotoxicity levels when using
Si NPs (2 – 5 nm). A study done on mice by Durnev et al. revealed evidence of DNA
damage in bone marrow cells within 24 hours of exposure of small Si NPs at a dosage of 5
mg/kg.[206] Increasing the dosage to 50 mg/kg caused DNA damage to brain cells as well
within 24 hours. Si-based particles have also been explored as a gene carrier, demonstrating
promising results to effectively transfect and deliver genetic material.[207-209] Studies for
Si NPs related effects on genetic toxicity should be carried out to understand possible risks.

It is difficult to compare and make a conclusion based on all the studies regarding the
probable genotoxicity mechanisms for Si based particles. Each study used a different dosage
in their tests, making it difficult to compare as genotoxicity is dosage dependent. Other
factors can also affect the genotoxicity outcome, such as the number of internalized particles
and the different types of cells used in the study. This, in turn, will produce different
exposure mechanisms of particles to DNA during mitosis. In addition, it has been found that
the level of serum can modulate the cellular response and therefore, minute details in each
study can affect the overall outcome of genotoxicity induced by SiO and Si particles.

5. Conclusions and future outlook
In this review, we focused on Si based nano- and microparticles effects following various
administration/exposure routes. Silicon is an element found in nature and humans have
utilized Si based materials since ancient times. In general, the use of Si based materials is
not considered harmful to humans. Due to the unique properties of silicon, Si based particles
have become of great interest in many fields of science, including pharmaceutics. However,
the short and long term effects of human exposure to Si and SiO particles are not completely
understood. In general, crystalline SiO is considerably more toxic than amorphous SiO and
Si particles. It was also shown that nanoparticles (<100 nm) induce more significant effects
on cells and animals than larger particulates. Still, since not many systematic studies
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evaluated the effect of size, geometry and surface properties on the toxicity levels in cells
and tissues, it is hard to draw solid conclusions. It is known that particle size, surface, shape,
and chemistry play a major role in determining the effects in cells, so it is reasonable to
anticipate that these effects will be translated to toxicity levels. Moreover, in spite of
keeping the particle’s physical and chemical variables constant, different types of cells and
tissues behave differently in the presence of particles due to their varying metabolic rates,
permeability, and functions, making the issue of categorizing Si based particles based on
biocompatibility very difficult.

As it can be inferred in this review, the studies lack standardization for comparison. It could
be of a great value to have a set of positive and negative controls that can be used across
different laboratories to understand the inter-person and inter-laboratory variations in the
obtained data. In addition to these factors, it is also important for laboratories to use the
same terminology and definitions in their studies. There have been great efforts from
national institutions, such as National Institute of Standards, and Technology (NIST) and
National Cancer Institute (NCI), to find an approach to standardize the methodology for
determining nanoscaled toxicity and aid in clinical translation of particles.[16] It was also
suggested that standardization can be achieved by using common experimental set up (same
cell line and animal model), and exposure conditions (cell confluency and exposure
duration).[7]

One major parameter that is making toxicology studies of particles difficult to compare is
the use of concentrations to determine the dosage of particles. The units for concentrations
were made useful when describing a drug or an agent as one molecule. Therefore, in the
simplest form, concentration is used to explain the number of molecules (by mass) in a
given volume of solvent. This normalized unit, however, does not completely describe the
number of particles administered in a human body. A particle is made up of several
molecules, creating a physical structure of a specific size, shape, and surface. In many of the
studies described in this review, smaller sized particles induced more toxic effects on
various cells than larger sized particles. It was concluded, however, that it is not the size, but
the surface area, of particles that can cause different toxic effects. In addition to surface area,
the number of particles internalized into the cells also affects the level of toxicity. The
terminology for dosimetry of NPs may aid to improve the normalization of administered
particles to cells. One approach is to report the number of particles rather than the
concentration of the elemental mass.[22, 155] Using the particle number, however, may not
be the exact number of particles internalized in cells, as each type of cell has different
endocytosis mechanisms.[16] Additional approach that can be taken is to define surface
area. This metric of dosage may be more accurate as it normalizes to size and shape of the
particle. Yet, a study performed by Lison et al. demonstrated that total particle mass or
concentration provides similar results in different cell lines with different cell assays,
concluding that for in vitro tests on SiO NPs, concentration is sufficient.[150]

Another factor that affects obtaining relevant toxicology information of particles is the use
of in vitro and in vivo studies. Two-dimensional in vitro models are necessary to understand
the initial response to a particular cell line. The cell studies, however, do not provide the
complete story on how the body reacts to particulate objects, as many responses are related
to 3D architecture of the tissue and the microenvironment in the particular organ (e.g.
presence of macrophages and other inflammatory cells). Consequently, in vivo studies (with
the use of the correct animal models) are extremely advantageous as researchers can obtain
extensive information on the short term immune responses as well as long term toxicity
issues. Obtaining reproducible results from animal models, however, is expensive.
Therefore, it may be more useful for laboratories to use three dimensional (3D) in vitro
models that are cost effective while mimicking the human biological responses. In 2D in
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vitro tests, cells are attached to plastic/glass surfaces that affect their behavior compared to
their native state which is in 3D tissue form (attached to each other and other cell types.
Forming a 3D co-culture of different cell lines in a gel matrix or solution can better
represent the tissues’ structure and function in vivo and provide more relevant information
on cellular/tissue response to particles. Several groups have studied the influence of NPs on
3D in vitro models [210-212], but it is not as popular as using the conventional 2D in vitro
tests.

The pharmaceutical industry is keen on utilizing nanostructures as drug delivery vehicles.
There are a number of evidences in the clinic that demonstrate the incorporation of
therapeutics and drugs within particles enhances drug efficacy and improves treatment of
conditions through various administration routes. As a result, possible adverse effects
induced are a major concern. The research community and drug developers would greatly
benefit if experimental standardizations are set for NP studies in biological applications.
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Abbreviations

APTES 3-Aminopropyltriethoxysilane

ELISA Enzyme-linked Immunosorbent Assay

GI Gastrointestinal

HMVEC Human Micro-Vasculature Endothelial Cells

HUVEC Human Umbilical Cord Vascular Endothelial Cells

ICP-AES Inductively Coupled Plasma Atomic Emission Spectroscopy

ICP-OES Inductively Coupled Plasma Atomic Emission Spectrometry

ICP-MS Inductively Coupled Plasma Mass Spectrometry

LBL Layer-by-layer

LDH Lactate dehydrogenase assay

MSDS Material Safety Data Sheet

MSV Multistage Vector

MTS Cell Viability assay using 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium

MTT Cell Viability assay using 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

NCI National Cancer Institute

NIR Near Infrared

NIST National Institute of Standards and Technology

NP Nanoparticles
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pSi Porous Silicon

pSiO Porous Silica

RBC Red Blood Cells

RES Reticuloendothelial system

ROS Reactive Oxygen Species

SC Stratum Corneum

Si Silicon

SiC Silicon Carbide

SiO Silica

WST-1 or WST-8 Cell Viability assay using 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt or 2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium

XTT Cell Viability assay using 2,3-bis-(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide
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Fig. 1.
Schematic presentation of various exposure/drug delivery routes discussed in this review.

Jaganathan and Godin Page 31

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Fig. 2.
Fabrication of pSi micron and submicron size particles by photolithography and
electrochemical etching. A1: Patterned SiN layer and trenches etched into Si wafer. A2:
Electrochemically etched pSi particles with release layer. A3: Example pSi particles array
on wafer after removal of SiN. A4: Cross-section of quasi-hemispherical pSi. B1:
Photoresist pattern on LTO capped pSi film with release layer. B2: Particle array on wafer
after RIE. B3: Example discoidal pSi particle array on wafer after LTO removal. B4:
Released discoidal pSi particles. C1: Silver nanopattern etched into Si forming pSi
nanowires. C2: Nanowire barcode under white light. C3: SEM image of nanowire barcode.
C4: 3-channel confocal microscopy images of nanowire barcode with green Q-dot loaded in
small pore segment and red Q-dot in bigger pore segment. Reproduced from Godin et al.
[74] with permission from ACS publications.
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Fig. 3.
Quantification of pSi microparticles per cell during multiple mitotic events. HMVECs were
incubated with fluorescent pSi particles, then FACS-sorted to obtain a homogeneous
population of cells with similar numbers of internalized pSi particles. A) Representative
phase contrast and fluorescent microscope images of HMVECs at day 2 and day 6 following
pSi particle internalization. B) Statistical box charts displaying the number of pSi particles
per cell with time. The graphs show the 25th, 75th (box range), and 50th (middle line)
percentiles, as well as the average number of particles per cell (small open square and
number on top of box). Populations that differ significantly from the preceding significant
time point are marked by a star. C) Dividing cell with internalized 3.2 μm pSi particles
monitored by phase contrast and live confocal microscopy. Reprinted from Serda et al[106]
with permission from Royal Society of Chemistry.
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Fig. 4.
Transmission electron microscopy images of (A) Stöber SiO2 with average diameter of 115
nm (referred to as Stöber), (B) mesoporous SiO2 with average diameter of 120 nm (Meso S),
(C) mesoporous pSiO nanorods with aspect ratio 2 (AR2), (D) mesoporous pSiO nanorods
with aspect ratio 4 (AR4), (E) mesoporous pSi nanorods with aspect ratio 8 (AR8), and (F)
high-resolution image of a single particle in B. Scale bars in A–E = 200 nm, scale bar in F =
50 nm. (G) Percentage distribution histogram as a function of aspect ratio. Proliferation
inhibition assay of adenocarcinomic human alveolar basal epithelial cells A549 (H, I) and
RAW 264.7 macrophages (J, K) cells after continuous 72 h incubation with bare (H, J) and
amine-modified (I, K) SiO2. Data are mean ± SD (n = 3). Reprinted from Yu et al. [109]with
permission from ACS
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Fig. 5.
(A) Visualization of fluorescently labeled SiO particles of two different sizes in placenta and
fetus; (B) Comparison of Si concentration (microgram of Si per gram tissue) in liver, uterus
and placenta of pregnant rats, as well as, in fetal tissues as a function of size. SNV- SiO
nanovectors; NS- not significant; **= p<0.01 vs. control. From Refuerzo, Godin et al.[140]
with permission from Elsevier.
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Fig. 6.
Schematic presentation of the skin structure and routes for permeation of the agent applied
to the skin surface and to the viable layers across the skin: intercellular, transappendageal
and transcellular routes.
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Fig. 7.
Schematic presentation of primary and secondary mechanisms of genotoxicity mechanisms
that can be induced by particles.
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Table 1

Chemical bond lengths in silicon- and carbon-containing compounds (compiled from Ref. [30]).

Si C Delta (Si-C)

Bond Length (Å) Bond Length (Å)

Si-O 1.63 C-O 1.41 0.22

Si-C 1.89 C-C 1.54 0.35

Si-H 1.42 C-H 1.09 0.39

Si-Si 2.29 Si-C 1.89 0.40

Si-Cl 2.05 C-Cl 1.78 0.27

Si-N 1.74 C-N 1.47 0.35
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