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Abstract The present study was designed to examine
the uptake, localization, and the cytotoxic effects of
well-dispersed amorphous silica nanoparticles in
mouse keratinocytes (HEL-30). Mouse keratinocytes
were exposed for 24 h to various concentrations of
amorphous silica nanoparticles in homogeneous sus-
pensions of average size distribution (30, 48, 118, and
535 nm SiO,) and then assessed for uptake and
biochemical changes. Results of transmission electron
microscopy revealed all sizes of silica were taken up
into the cells and localized into the cytoplasm. The
lactate dehydrogenase (LDH) assay shows LDH leak-
age was dose- and size-dependent with exposure to 30
and 48 nm nanoparticles. However, no LDH leakage
was observed for either 118 or 535 nm nanoparticles.
The mitochondrial viability assay (MTT) showed
significant toxicity for 30 and 48 nm at high concen-
trations (100 pg/mL) compared to the 118 and 535 nm
particles. Further studies were carried out to investi-
gate if cellular reduced GSH and mitochondria
membrane potential are involved in the mechanism
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of Si0O, toxicity. The redox potential of cells (GSH)
was reduced significantly at concentrations of 50, 100,
and 200 pg/mL at 30 nm nanoparticle exposures.
However, silica nanoparticles larger than 30 nm
showed no changes in GSH levels. Reactive oxygen
species (ROS) formation did not show any significant
change between controls and the exposed cells. In
summary, amorphous silica nanoparticles below
100 nm induced cytotoxicity suggest size of the
particles is critical to produce biological effects.
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Introduction

Nanotechnology is a rapidly emerging materials sci-
ence area that provides man-made materials with
distinctive physical properties. Nanomaterials, which
have been defined as ranging in one nominal dimension
from 1 to 100 nm, have been used to create unique
devices possessing novel physical and chemical func-
tional properties. Synthetic free nanoparticles are
manufactured from diverse soluble and insoluble
materials, with a wide range of size distributions,
shapes, and modified surface functions (Ryman-
Rrasnyssen et al. 2006). Silica (silicon dioxide, SiO,)
nanoparticles have great practical importance in the
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fabrication of electric and thermal insulators, catalyst
supports, drug carriers (Roy et al. 2005), gene delivery
(Csogor et al. 2003), and media for coating processes
and are also used as adsorbents, molecular sieves, and
filler materials (Hoet et al. 2004). Colloidal silica
crystals with periodicity within the optical wavelength
scale also have a photonic band gap and thus have
electronic applications ranging from microwave to
optical devices (Wang et al. 2003b). The interests of
silica-ordered particle arrays lie in the fact that it is
possible to induce wavelength coalescence with the
close-packed structure. These particle arrays can
diffract light in the UV, visible, and near infrared
regions in a manner analogous to X-ray diffraction
from ordinary mineral crystals (Wang et al. 2003a, b).
Many aspects related to the size of these materials have
raised safety concerns during their production, their
use in consumer products, and their eventual deposi-
tion into the environment. These aspects include
biological exposure levels and availability, kinetics
and dynamics of movement, and their general acute
and chronic effects. Though many engineered nano-
particles could provide benefits to society, their
interactions with a biological system and potential
toxic/bioeffects have not been well addressed
(Donaldson et al. 2004; Hardman 2006; Service
2005; Vinardell 2005).

Nanoparticles can enter the body via different
routes such as the gastrointestinal tract (Zhou and
Yokel 2005), lungs (Lam et al. 2004; Warheit et al.
2004), and passage through skin (Oberdoerster et al.
2005). The epidermis is an excellent barrier to protect
the body from external insult; however, nanoparticles
can penetrate through the broken or flexed skin
(Oberdoerster et al. 2005). Nanoparticles such as
TiO, or ZnO in sunscreens can penetrate the human
stratum corneum and into some hair follicles, but not
in deep layer of skin. Therefore, although the skin has
been reported as non-permeable to allow passage to
the organism (Lademann et al. 1999; Hoet et al.
2004), the skin and its cellular components do retain
the full burden of the nanoparticulate exposure.

The objective of this study was to illustrate the
acute effects of well-dispersed and different sizes of
silica nanoparticles in upper layers of the skin using
mouse skin epidermal cells or keratinocytes. These
particles were studied due to the lack of aggregation
propensity for determining cellular uptake, changes
in mitochondria-based viability, membrane leakage,
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and oxidative stress of largely free, unagglomerated
form of nanoparticulate.

Materials and methods
Chemicals

Silica nanoparticles (30, 48, 118, and 535 nm in
>18 MQ cm™' deionized water) were synthesized
using published methods (Wang et al. 2003a). Cul-
ture media (DMEM, F-12, Hams) and heat-
inactivated fetal bovine serum (FBS) were purchased
from American Type Culture Collection (ATCC,
Manassas, VA). Penicillin—streptomycin, [3-(4,5-
dimethylthiazol-2yl)-diphenyltetrazolium bromide],
NADH, and pyruvate were obtained from Sigma
Chemical Company (St. Louis, MO). 2',7’-Dichloro-
fluorescein diacetate was purchased from Molecular
Probes (Carlsbad, CA). The GSH kit was from
Cayman Chemical Co. (Ann Arbor, MI). All other
chemicals used were of the highest grade commer-
cially available.

Zetasizer Nano ZS (Malvern Instruments)

To characterize particle sizes of silica nanoparticles
in aqueous suspension, a dynamic light scattering
(DLS) technique was employed using a Malvern
Instruments Zetasizer Nano ZS. This device can
measure particle sizes ranging from 0.6 nm to 6 pm.
The particle size is correlated to measurement of
dynamic fluctuations of light scatter intensity, caused
by Brownian motion of the particles during move-
ment in the aqueous liquid. This measure yields the
average particle size in solution. The instrument
provides data in three metrics: intensity, volume, and
distribution number, which provide complete solution
particle characterization. Silica nanoparticles were
suspended in water and in exposure media to study
the effect of different solutions on particle
characterization.

Cell culture

The seed cultures of HEL-30 cells were generously
provided by the Naval Health Research Center
Detachment Environmental Health Effects Labora-
tory at Wright-Patterson AFB. These immortalized
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mouse keratinocytes were used between passages
50 and 100. The cells were grown in Ham’s Nutrient
Mixture F-12 medium, pH 7.25, with 10% heat-
inactivated FBS, and 1% antibiotic mixture of
penicillin and streptomycin. Exposure media had
the same components without serum. Depending on
the intended toxicity assay, all the cells were seeded
and grown in 6-well, 24-well, and 96-well plates
and/or chambered microscope slides for 24 h until
they became 80-90% confluent. The cells were
maintained in a humidified incubator with 5% CO,
at 37 °C.

Exposure

For biochemical assays, the HEL-30 cells
(1 x 10° cells/mL) were seeded in a 24- or 96-well
plate (Wang and Joseph 1999). Twenty-four hours after
seeding the cells, they were dosed for 24 h in exposure
media to different sizes of silica (SiO,) nanoparticles
(30,48, 118, and 535 nm) at different concentrations of
Si0, nanoparticles (0, 10, 50, 100, and 200 pg/mL).
Silica NPs provided in >18 MQ cm ™' deionized water
were shaken in a Haake-Buchler vortexer for 5 min and
made the desired concentrations with exposure media.
Measurement of biochemical endpoints (n = 3—4 with
three independent experiments) was determined by
various assays described below.

For determination of silica nanoparticle uptake,
cells were plated at 1 x 10° cells/mL in 6-well plates
and then were grown overnight. The next day, the
cells were dosed with 100 pg/mL of the various sizes
of silica nanoparticles for 24 h and then processed for
transmission electron microscopy (TEM) as
described below. Since silica nanoparticles showed
toxic effects at concentration of 100 pg/mL, the TEM
experiment was carried out at this dosing level.

Transmission electron microscopy for
determination of silica nanoparticle uptake
into the cells

The HEL-30 cells were grown and dosed as described
above. After 24 h, silica nanoparticles dosing solu-
tion was removed, and the cells were washed with
phosphate buffered saline (PBS) 2x to remove
unbound nanoparticles. The cells were then detached
with trypsin (1% trypsin in PBS) from the 6-well
plates and lightly pelleted in 15 mL conical tubes at

low (500 rpm) speed. The cells were resuspended for
fixation in 2.5% glutaraldehyde/formaldehyde in PBS
for 2 h at room temperature. The cells were rinsed
with PBS 2x and then post-fixed with 1% OsOy4 in
PBS for 1 h. After rinsing with deionized water, the
cells were dehydrated through an ethanol series
(50%, 70%, 95%, 100%) for 15 min each followed
by 1:1 dilution of 100% ethanol and LR White Resin
for 1-2 h. Full embedment was accomplished with
100% resin cured at 80 °C overnight under vacuum.
Thin sections (70 nm) were made from the fully
cured sample block with a diamond knife on a Leica
Ultracut microtome, placed onto Cu grids, and
imaged using TEM (Hitachi S-7600, 100 kV).

Biochemical endpoints
Membrane integrity

Lactate dehydrogenase (LDH) is an enzyme widely
present in cytosol that converts lactate to pyruvate.
When plasma membrane integrity is altered or dis-
rupted, LDH leaks into media and its extracellular
levels elevate depending upon the material/chemical
toxicity. Therefore, higher LDH values in the medium
indicate higher toxicity levels. At the end of 24-h
exposure, LDH levels in the media versus the cells were
quantified and compared to the control values using a
96-well plate format and a SpectraMAX microplate
reader (Molecular Devices, Sunnyvale, CA) at 340 nm
according to the manufacturer’s procedure.

Mitochondrial function

MTT assay was used to investigate mitochondrial
function. Yellow MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) is reduced to
aqueous insoluble purple formazan by a mitochon-
drial enzyme showing intact functional mitochondria.
Mitochondrial function of the cells was investigated
spectrophotometrically after 24-h exposure to silica
nanoparticles. Briefly, the culture media was
removed, and fresh media containing tetrazolium salt
(1:10 dilution) was added and incubated for 30 min.
The media was removed and the purple formazan
formed in the cells was extracted with acidic
isopropyl alcohol. A SpectraMAX 190 spectropho-
tometer (Molecular Devices, Sunnyvale, CA) was
used to determine the absorbance at 570 nm with a
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reference of 690 nm to eliminate error, according to
the manufacturer’s procedure.

Reduced glutathione (GSH)

Reduced glutathione (GSH) possessing significant
density of a free reductive thiol group for the cell is an
important antioxidant for cells. During the process to
remove hydrogen peroxide or lipid peroxides, GSH
(reduced form) becomes oxidized to GSSG which is
then recycled to GSH by the enzymes in the cells.
Reduced glutathione (GSH) was measured after 24-h
exposure of silica nanoparticles, using a glutathione
assay kit by Cayman Chemical Company (Ann Arbor,
MI). GSH levels were compared with the control values.

Reactive oxygen species (ROS)

Oxidative stress was assessed by measuring the
formation of reactive oxygen species (ROS). Before
dosing the cells with silica nanoparticles, the cells
were treated with fluorescent probe (2',7'-dichlorodi-
hydrofluorescein diacetate) for 30 min under dark
conditions. After removing growth media, cells were
exposed to the nanoparticles for 0, 0.5, 1, 2, 4, 6, 8§,
20, 24 h and tested for free radical production.
Fluorescence of the cells was measured in a Spec-
traMax Gemini multi-well fluorescence plate reader
at excitation 485 nm and emission at 530 nm.

Statistical analysis

The data were analyzed as mean £ SD of three
independent experiments (each n = 3-4 replicates)
and were further analyzed by one-way analysis of
variance (ANOVA) and the Tukey—Kramer multiple
comparisons test using PHStat2 software to compare
exposure groups. All comparisons must meet a
minimum significance level of p < 0.05 to indicate
a significant difference.

Results

Figures 1 and 2 provide transmission electron micro-
scope images of monodispersed silica nanoparticles
in water and the average particle size with standard
deviation, respectively (Wang et al. 2003a). The DLS
method was used to characterize silica nanoparticle
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sizes shown in Table 1. No changes in particle sizes
were observed in water versus dosing media with the
exception of the 30 nm particle solutions, which were
estimated as 28.9 nm in water and 39 nm in the
media by DLS.

To verify the uptake of nanoparticles, cells were
incubated with 100 pg/mL of silica nanoparticles for
24 h, followed by imaging with TEM (Fig. 3). Cells
show internalization of all the different sizes of silica
nanoparticles into intracytoplasmic vacuoles or endo-
somes. There was no evidence of silica nanoparticles
in the nucleus, but they could be found randomly in
the cytoplasm. Higher magnification insets of the
selected areas show individual 535 nm silica nano-
particles (Fig. 3d), while all the smaller-sized silica
nanoparticles (30, 48, and 118 nm) were found in
loose aggregates containing multiple nanoparticles, in
some instances with retention of the characteristic
nanoparticle sizes and shapes (Fig. 3a—c).

The effects of silica nanoparticles on cell mem-
brane integrity are shown in Fig. 4. At 100 pg/mL,
membrane leakage of LDH was 43%, 30%, 7%, and
8% of the control, decreasing with increasing size of
silica particles. The smallest size at the highest
concentration (30 nm at 200 pg/mL) presented the
most toxic effect as indicated by LDH measurements.

There was an inverse relationship between particle
size and MTT reduction (Fig. 5) where at 200 pg/mL,
only the smaller 30 and 48 nm silica particles induced
significant MTT reductions of 30% and 50%, respec-
tively (Fig. 5). At 100 pg/mL, MTT reduction in cells
from exposure to 30 and 48 nm particles was 42% and
55%, respectively. The two particles in nanosizes 30—
48 nm showed significant cytotoxicity, while the
other two larger sizes above 100 nm (118 and
535 nm) did not show toxicity as demonstrated by
MTT reduction.

Figure 6 shows an inverse correlation between
LDH and MTT for cytotoxicity. There was a strong
correlation (R* = 0.9623) at 200 pg/mL in various
sizes of silica nanoparticles.

Experiments were performed to study redox
potential/thiol status (Fig. 7). The smallest particles
at high concentration of silica produced toxicity.
Exposure to 30 nm particles showed GSH levels
decreased to 93%, 89%, and 78% in cells exposed to
50, 100, and 200 pg/mL, respectively, when com-
pared to controls. Only at the highest concentrations
(200 pg/mL) of 30 nm silica nanoparticles, the
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Fig. 1 Transmission
electron microscope (TEM)
of SiO, spheres

toxicity was statistically significant. There was mar-
ginal reduction of GSH level in 48 nm particulate
exposed cells. No changes in GSH levels were
detected at any concentration for the 118 and
535 nm nanoparticles.

Increase in ROS levels causes damage to cell
structures (oxidative stress), eventually leading to cell
death or apoptosis (McCabe 2003; Thibodeau et al.
2004). Time course studies of silica particles (30, 48,
118, and 535 nm) at different concentrations (0, 10,
50, 100, and 200 pg/mL) were performed, and no
significant increase of ROS levels was observed at
any time point or at any concentration when
compared with the controls (Fig. 8).

Discussion
In order to study toxicity of nanoparticles, it is

imperative to know exact size, shapes, and physical
properties including the aggregation/agglomeration/

dispersion properties of nanoparticles in culture
media. Therefore, characterization of nanoparticles
should be performed initially and throughout as
needed for studies for assuring particle dynamics and
dosing size and type. Uniform dispersal of particles
allows for controlling the size element and surface
area components of nanoparticulate for determining
size-dependent data in toxicity —measurements
(Jillavenkatesa and Kelly 2002; Vertegel et al. 2004).
Recently, we investigated comprehensive character-
ization of aggregated and agglomerated nanoparticles
in solution and relevance to toxicity using a cell culture
system (Murdock et al. 2008). Powers et al. (2006)
reported many techniques to determine the size of
nanoparticles, such as DLS, centrifugal sedimentation,
laser diffraction/static light scattering, low pressure
impactor, size exclusion chromatography, electron
microscopy, time of flight mass spectroscopy,
and atomic force microscopy. In the present study,
two methods were used for the critical measurement of
size variations, TEM, and DLS. The data (Table 1)
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Fig. 2 The average particle
size (d) and the standard
deviation were determined
by analyzing over 300
particles

Table 1 Particle sizes of
silicon dioxide in water and
in dosing media measured by
dynamic light scattering
device which produced
similar results studied by the
electron microscope

shows that both techniques gave a similar result for
silica nanoparticles size when suspended in water.
Particle sizes used in this study were received as 30, 48,
118, and 535 nm based on synthesis and characterized
by DLS in two different laboratories. Since the cells
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Media 39.0 0.116 na na
SiO, B
Water 529 0.07 47.7 3.2
Media 519 0.069 na na
Sio, C
Water 121 0.007 118 6.1
Media 119 0.018 na na
SiO, D
Water 537 0.438 535 134

were dosed with silica nanoparticles in exposure
media, it was critical to ensure that there would be no
changes in nanoparticles characteristics when they
were suspended in media. Except for the largest
particle (535 nm), data from DLS indicates no changes



J Nanopart Res (2009) 11:15-24

21

Fig. 3 Transmission
electron microscopy (TEM)
of HEL-30 cells incubated
with 100 pg/ml of silica
nanoparticles for 24 h
showing internalization of
all sizes used in this study:
(a) 30 nm SiO,, (b) 48 nm
SiO,, (¢) 118 nm SiO,, and
(d) 535 nm SiO,. Boxes
provide higher
magnification images
correspond to the areas
inside the box
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Fig. 4 Effect of SiO, on LDH leakage into media (% control).
The HEL-30 cells were dosed with different sizes (30, 48, 118,
and 535 nm) and various concentrations of silica (0, 10, 50,
100, and 200 pg/mL) for 24 h. Size- and dose-dependent LDH
leakage were observed in 30 and 48 nm silica nanoparticles.
Large size (118 and 535 nm) showed less toxicity compared
with smaller nanoparticles. Three independent experiments
(n = 3) were carried out, and data are means + SD. * Signif-
icantly different from control at p < 0.05
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Fig. 5 Effect of silica nanoparticles on MTT reduction
(% control). The HEL-30 cells were dosed with different sizes
(30, 48, 118, and 535 nm) and various concentrations of
silica (0, 10, 50, 100, and 200 pg/mL) for 24 h. Size- and
dose-dependent MTT reduction in 30 and 48 nm at higher
concentrations (200 pg/mL) produced significant toxicity when
compared to large sizes (118 and 535 nm). Three indepen-
dent experiments (n = 4) were carried out, and data are
means £+ SD. * Significantly different from control at p < 0.05
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Fig. 6 Correlation between LDH and MTT in various sizes of
silica nanoparticles at 200 pg/mL. Graph was generated using
two data points in the highest exposure condition (200 pg/mL)
in Figs. 4 and 5
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Fig. 7 Effect of silica nanoparticles on GSH levels (%
control). The HEL-30 cells were dosed with different sizes
(30, 48, 118, and 535 nm) and various concentrations of silica
(0, 10, 50, 100, and 200 pg/mL) for 24 h. Size- and dose-
dependent toxicity was observed. Three independent experi-
ments (n = 4) were carried out, and data are means £ SD.
* Significantly different from control at p < 0.05

in sizes occur when suspended in exposure media.
The polydispersity index (PDI) indicates the range of
sizes in a distribution of particles in solution. The
largest size (535 nm) shows the highest PDI value of
0.428, while the remaining particles had smaller
values, indicating more uniform dispersion. In addi-
tion, sample D (535 nm) had the largest standard
deviation (13.4). Silica nanoparticles used in our
experiments were spherical and dispersed homoge-
neously in water (Fig. 1). However, it may be possibly
that some nanoparticles formed transient aggregates in
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Fig. 8 Time course study of effect of silica nanoparticles on
ROS formation (fold of increase compared with the control).
The HEL-30 cells were dosed with different sizes (30, 48, 118,
and 535 nm) and various concentrations of silica (0, 10, 50,
100, and 200 pg/mL) for 0, 0.5, 1, 2, 4, 6, 8, 10, 20, and 24 h.
There was no difference between the controls and dosed cells.
Concentration of 10 pg/mL was selected to represent this
study. There was no difference statistically in all experiments

solution due to Van der Waals forces and hydrophobic
interaction from solute media surface coating that
formed larger than the original particles.

After the mouse keratinocytes were incubated with
100 pg/mL of silica nanoparticles in exposure media
for 24 h, all sizes of the particles were found to be
taken up into the cytoplasm of the cells. This suggests
that the nanoparticles came into direct contact with
the cell membrane and were subsequently internalized
during this time period. The apparent aggregation or
agglomeration of the smaller-sized nanoparticles (30,
48, 118 nm) inside the intracellular vacuoles may be
an artifact of the mechanism of internalization (i.e.,
endocytosis, phagocytosis) and is not likely to be
representative of the nanoparticle aggregates state
outside of the cells, which were not detected. This
hypothesis is further supported by the DLS studies
demonstrating the presence of individual silica nano-
particles in suspension and the fact that individual
535 nm nanoparticles may be uptaken singly due to
their large size. Although the TEM images verify the
uptake of silica nanoparticles into the cells, the
method is not able to determine the cumulative or
quantitative amount of silica nanoparticle taken up at
each size. Further studies are underway to correlate
the kinetics of uptake (size versus time) with
cytotoxicity. Nel et al. (2006) reported the inverse
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relationship between particle size and number of
surface molecules. More atoms or molecules are
expressed on the surface of the smaller size particles
(30 nm), and biological activity could be determined
by this. Oberdoerster et al. (2005) also reported that
particles with greater specific surface area per mass
are more active biologically. Our results confirm that
the smaller silica nanoparticles with more specific
surface area show more toxic effects.

Thibodeau et al. (2004) studied silica-induced
apoptosis in the mouse alveolar macrophages to
investigate lung disease characterized by pulmonary
fibrosis. The authors reported that mitochondrial
depolarization and caspase 3 and 9 activation contrib-
uted to apoptosis when the cells were exposed to silica.
The role of ROS was investigated in their study, but it
was not apparent. Our work in mouse keratinocytes
revealed that toxicity of silica nanoparticles does not
seem to be initiated through ROS overproduction.
Brown et al. (2007) dosed normal human methothelial
cells with 100 nm silica spheres at the concentration of
26.7 pg/mL and reported LDH leakage as 3% after
24 h exposure. Results of our study in mouse kerati-
nocytes were very similar to their findings (Fig. 5).
Membrane integrity and mitochondrial function by
LDH and MTT show size-dependent toxicity, which
could be due to the increased specific surface area for
decreasing nanoparticle size (Lin et al. 2000).

There was no statistically significant difference
between the control and the treated groups for reduced
glutathoine levels. However, only the smallest size
(30 nm) at the most toxic dose, 200 pg/mL, resulted in
reduced glutathione levels. Although many other
studies have shown that nanoparticles may produce
toxicity by generating ROS, in this study, silica
nanoparticles of different sizes did not produce signif-
icantly different ROS generation from the control
when using the fluorescent dichlorofluorescein probe.
Therefore, direct physical disruption of membranes
through materials interaction or another unknown
mechanisms may be at work to produce size-dependent
toxicity. Further work on nanoparticles is warranted
before they can be considered safe for a casual
exposure.
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