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Abstract

The cytotoxicity of 15-nm and 46-nm silica nanoparticles was investigated by using crystalline silica (Min-U-Sil 5) as a positive control in
cultured human bronchoalveolar carcinoma-derived cells. Exposure to 15-nm or 46-nm SiO, nanoparticles for 48 h at dosage levels between 10
and 100 pg/ml decreased cell viability in a dose-dependent manner. Both SiO, nanoparticles were more cytotoxic than Min-U-Sil 5; however, the
cytotoxicities of 15-nm and 46-nm silica nanoparticles were not significantly different. The 15-nm SiO, nanoparticles were used to determine
time-dependent cytotoxicity and oxidative stress responses. Cell viability decreased significantly as a function of both nanoparticle dosage (10—
100 pg/ml) and exposure time (24 h, 48 h, and 72 h). Indicators of oxidative stress and cytotoxicity, including total reactive oxygen species (ROS),
glutathione, malondialdehyde, and lactate dehydrogenase, were quantitatively assessed. Exposure to SiO, nanoparticles increased ROS levels and
reduced glutathione levels. The increased production of malondialdehyde and lactate dehydrogenase release from the cells indicated lipid
peroxidation and membrane damage. In summary, exposure to SiO, nanoparticles results in a dose-dependent cytotoxicity in cultural human

bronchoalveolar carcinoma-derived cells that is closely correlated to increased oxidative stress.

© 2006 Elsevier Inc. All rights reserved.
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Introduction

Nanomaterials are defined by the U.S. National Nanotech-
nology Initiative as materials that have at least one dimension in
the 1- to 100-nm range. Due to their unique physical and
chemical characteristics, nanotechnology has become one of the
leading technologies over the past 10 years (Stix, 2001). There is
enormous interest in applying nanomaterials in a variety of
industries. As a non-metal oxide, silica (SiO,) nanoparticles
have found extensive applications in chemical mechanical
polishing and as additives to drugs, cosmetics, printer toners,
varnishes, and food. In recent years, the use of SiO, nano-
particles has been extended to biomedical and biotechnological
fields, such as biosensors for simultaneous assay of glucose,
lactate, L-glutamate, and hypoxanthine levels in rat striatum
(Zhang et al., 2004), biomarkers for leukemia cell identification
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using optical microscopy imaging (Santra et al., 2001), cancer
therapy (Hirsch et al., 2003), DNA delivery (Bharali et al.,
2005; Gemeinhart et al., 2005), drug delivery (Venkatesan et
al., 2005), and enzyme immobilization (Qhobosheane et al.,
2001).

Thus, the environmental and health impact of nanomaterials
is of great interest. The cytotoxicity associated nanoparticle
exposure is to some degree particle specific. Exposure to silica at
micro-scale size is associated with the development of several
autoimmune diseases, including systemic sclerosis, rheumatoid
arthritis, lupus, and chronic renal disease, while certain crystal-
line silica polymorphs may cause silicosis and lung cancer
(IARC, 1997; Donaldson and Borm, 1998; Shi et al., 1998;
Fubini and Hubbard, 2003; Rimal et al., 2005). Size-dependent
effects of particles have been well documented. For instance,
differential toxicity between micro- and nanoscale materials has
been observed in TiO, particles (Oberdorster, 2000), polystyrene
particles (Brown et al., 2001), and mineral fibers (Donaldson and
Tran, 2002). Thus, it is likely that the unique properties (i.e.,
small size and corresponding large specific surface area) of
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nano-sized SiO, may impose biological effects that are quite
different from its micro-scale particles.

Studies have demonstrated that SiO, nanoparticles cause
aberrant clusters of topoisomerase I (topo I) in the nucleoplasm
in cells, pro-inflammatory stimulation of endothelial cells, and
fibrogenesis in Wistar rats (Chen et al., 2004; Peters et al.,
2004; Chen and von Mikecz, 2005). On the other hand, an in
vivo mouse study showed that silica nanoparticles are not toxic
and, therefore, can be used in vivo (Xue et al., 2006). Thus, the
effects and mechanisms of toxicity in nanoscale size SiO,
particles on human health warrant further studies.

The first objective of this study was to evaluate cytotoxicity
of SiO, nanoparticles (15 nm, 46 nm) in human bronchoalveo-
lar carcinoma-derived cells (A549). Crystalline silica (Min-U-
Sil 5), a well-documented occupational health hazard, was used
as a positive control (IARC, 1997; Donaldson and Borm, 1998;
Shi et al., 1998; Fubini and Hubbard, 2003; Rimal et al., 2005).
The second object was to study the oxidative stress mechanism
induced by 15-nm SiO, nanoparticles. In the present study,
particles were dispersed in the cell culture medium at varying
concentrations and then dosed to cells. Cytotoxicity was
measured by determining cell viability using the sulforhoda-
mine B (SRB) method (Skehan et al., 1990). To elucidate the
possible mechanisms of cytotoxicity, biomarkers for cytotoxi-
city and oxidative stress, namely reactive oxygen species
(ROS), glutathione (GSH), malondialdehyde (MDA), and
lactate dehydrogenase (LDH), were measured using 2',7’-
dichlorofluorescin diacetate (DCFH-DA), high performance
liquid chromatography (HPLC), and LDH assay.

Materials and methods

Nanoparticles. In our previous study, 15-nm SiO, nanoparticles showed
significant cytotoxicity at 10—100 pg/ml range (unpublished data). To study the
size effect of SiO, nanoparticles and the oxidative stress mechanism, 15-nm and
46-nm SiO, nanoparticles were selected for this study. The SiO, nanoparticles
(15 nm, 46 nm) used in this study were supplied by Degussa Co. (Parsippany,
NJ, USA). Crystalline silica (Min-U-Sil 5) was obtained from U.S. Silica
Company (Berkeley Springs, WV, USA). According to the company’s data
sheet, more than 98% of the crystalline silica particles were less than 5 pm in
diameter and quartz purity was 99.4%.

The particle sizes and distribution of SiO, nanoparticles were measured by
Philips EM430 transmission electron microscopy (TEM) (Philips Electron
Optics, Eindhoven, Holland). Crystal structure was characterized by Scintag
XDS 2000 diffractometer (Scintag, Inc., Cupertino, CA, USA). The surface area
of the particles was determined by Quantachrome Autosorb 1-C (Boynton, FL,
USA). The characterization results are shown in Table 1.

The major trace metal impurities in 15-nm and 46-nm SiO, nanoparticles
were measured using a Perkin-Elmer ELAN DRC-e Inductively Coupled
Plasma—Mass Spectrometry (ICP-MS) system (Perkin-Elmer, Wellesley, MA,
USA). The ICP-MS conditions were set up as follows: vacuum pressure:

Table 1
Characterization of 15 nm SiO,, 46 nm SiO, and Min-U-Sil 5
Size and distribution Surface area Crystalline
nm (mean=+std) (m?/g) structure
15 nm SiO, 15£5 268.01 Amorphous
46 nm SiO, 46+12 52.48 Amorphous
Min-U-Sil 5 629+272 6.35 Crystal

The size, surface area, and crystalline structure were determined by TEM, BET
surface area analyzer, and X-ray diffraction (XRD), respectively.

Table 2
Metal impurity levels in SiO, nanoparticles and Min-U-Sil 5

Elements Si0, nanoparticles Crystalline Silica
(15 nm and 46 nm)*® (ppb) (Min-U-Sil 5)® (%)
Na <40 <0.01
Mg <40 0.01
Al <40 0.14
K <40 0.02
Ca ~40 0.01
Ti <40 0.01
Fe <40 0.02

* Our ICP-MS analysis data.

® Provided by U. S. Silica Company. Twenty-eight elements tested in our [CP-
MS system and all of their levels were below the detection limits (40 ppb),
except that of Ca. Seven elements listed are compared with the data provided by
U.S. Silica Company. Elements not tabulated included Be, V, Cr, Mn, Co, Ni,
Cu, Zn, As, Se, Rb, Sr, Mo, Ag, Cd, Sb, Cs, Ba, Bi, Pb, U.

6.5% 10 ¢ Torr; nebulizer gas flow: 0.98 I/min; ICP RF power: 1200 W; lens
voltage: 7.6 V; analog stage voltage: — 1700 V; pulse stage voltage: 1100 V. The
data are presented in Table 2. The metal impurity data of Min-U-Sil 5 were
provided by U.S. Silica Company.

Due to their nanoscale size and surface properties, nanoparticles tend to
aggregate or precipitate in suspensions. Average hydrodynamic size and
standard deviation of SiO, nanoparticles were determined by dynamic light
scattering using a Nanotrac NPA250 (Microtrac, North Largo, FL, USA).
Particle size was analyzed by suspending particles in Millipore water.

Suspensions of SiO, nanoparticles and Min-U-Sil 5 were prepared in the cell
culture medium and dispersed by a sonicator (FS-60H, 130W, 20kHz, Fisher
Scientific, Pittsburgh, PA, USA). In each study, the suspension was freshly
prepared and diluted to three concentrations (10 pg/ml, 50 pg/ml, and 100 pg/
ml) and then immediately applied to the A549 cells.

Chemicals.  Fetal bovine serum was purchased from American Type Culture
Collection (ATCC) (Manassas, VA, USA). Ham’s F-12 medium with L-
glutamine, HPLC grade n-butanol, acetonitrile, and analytical grade 12 M
hydrochloric acid were purchased from Fisher Scientific (Pittsburgh, PA, USA).
Trypsin—EDTA (1x) and Hank’s balanced salt solution (HBSS) were purchased
from Invitrogen Co. (Carlsbad, CA, USA). Sulforhodamine B was bought from
ICN Biomedicals (Irvine, CA, USA). Penicillin-streptomycin, trichloroacetic
acid (TCA), 1,1,3,3-tetramethoxypropane, 2-thiobarbituric acid, 2-vinylpyri-
dine, o-phosphoric acid (HPLC grade), N-(1-pyrenyl)maleimide (NPM), 2",7’-
dichlorofluorescin diacetate, glutathione (reduced), L-serine, boric acid,
diethylenetriaminepentaacetic acid (DETAPAC), TRIS hydrochloride, butyla-
tedhydroxytoluene (BHT), tetrahydrofuran, Na,HPO,4, NaH,PO,, and acetic
acid (HPLC grade) were obtained from Sigma-Aldrich (Saint Louis, MO, USA).
Ultrapure DI-water was prepared using a Milli-Q system (Millipore, Bedford,
MA, USA).

Cell culture and treatment with SiO,. The human bronchoalveolar carci-
noma-derived cell line, A549, was purchased from ATCC (Manassas, VA,
USA). This cell line has been widely used in in vitro cytotoxicity studies
(Huang et al., 2004; Bakand et al., 2006). Cells were maintained in Ham’s F-
12 medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin,
and 100 pg/ml streptomycin, and grown at 37 °C in a 5% CO, humidified
environment. For the SRB assay, A549 cells were plated into a 24-well plate at
a density of 1.0x10* cells per well in 1.0 ml culture medium and allowed to
attach for 48 h. For the determination of GSH, MDA, and LDH levels, A549
cells were plated into 75-cm? flasks at a density of 2.0x 10° cells per flask in
13 ml culture medium and allowed to attach for 48 h. Then, the freshly
dispersed particles suspensions in cell culture medium were prepared and
diluted to appropriate concentrations (10, 50 and 100 pg/ml) and immediately
applied to the cells. Cells not exposed to particles served as controls in each
experiment. The selection of the 10—100 pg/ml dosage range of SiO,
nanoparticles was based on a preliminary dose-response study (data not
shown). A dosage level lower than 10 pg/ml did not produce cytotoxicity in
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AS549 cells, while a dosage level higher than 100 pg/ml resulted in severe
precipitation in cell media after 48 h. The 48-h exposure time was chosen for
investigation on the oxidative stress because of the detection limitations of the
assay technique and the required time for particles to produce significant
effects. The response (i.e., cell viability) at 24-h exposure was not as
pronounced as that at 48 h. In addition, the current technique to measure ROS
for longer exposure time possibly limits the accuracy of ROS determination
due to the high activity of ROS.

After incubation with SiO, nanoparticles for 48 h, the cell culture medium
was collected for LDH determination. The cells were rinsed with ice-cold PBS
and trypsinized. Homogenates were frozen at —70 °C until analyzed for levels of
GSH, MDA, and protein. For ROS determination, cells were plated at a density
of 1.0x 10° cells/well in a 24-well collagen-coated culture plate and allowed to
attach for 48 h; the total ROS was then measured as described below.

Assessment of cytotoxicity.  After the exposure of cells to SiO, nanoparticles
or Min-U-Sil 5 for 24, 48, and 72 h, the medium was removed and the number
of cells in each well was determined using the sulforhodamine B (SRB) assay.
Briefly, cells were fixed with 500 pl of cold 10% trichloroacetic acid (TCA) for
1 h. The TCA solution was then discarded, and the cells were washed three
times with distillated water followed by drying under nitrogen. Five
hundred microliters of 0.2% sulforhodamine B in a 1% acetic acid was
added to each well to stain the cells for 30 min. The staining solution was
discarded, and the cells were washed with 1% acetic acid to eliminate excess
dye. After complete drying, the dye in each well was dissolved in 300 pul of
cold 10 mM Tris buffer (pH 10.5). One hundred microliters of dye solution
was transferred into a 96-well plate and absorbance was measured at 550 nm
using a microplate reader (FLOURstar, BMG Labtechnologies, Durham, NC,
USA).

LDH measurement.  Lactate dehydrogenase (LDH) activity in the cell medium
was determined using a commercial LDH Kit (Pointe Scientific, Inc., Lincoln Park,
MI, USA). One hundred microliters of cell medium was used for LDH analysis.
Absorption was measured using a Beckman DU-640B UV-Visible Spectro-
photometer at 340 nm. This procedure is based on the method developed by
Wacker et al. (1956), optimized for greater sensitivity and linearity. Released LDH
catalyzed the oxidation of lactate to pyruvate with simultaneous reduction of
NAD' to NADH. The rate of NAD" reduction was measured as an increase in
absorbance at 340 nm. The rate of NAD" reduction was directly proportional to
LDH activity in the cell medium.

Intracellular ROS measurement. ~ The production of intracellular reactive
oxygen species (ROS) was measured using 2’,7’-dichlorofluorescin diacetate
(DCFH-DA) (Wang and Joseph, 1999). DCFH-DA passively enters the cell
where it reacts with ROS to form the highly fluorescent compound dichloro-
fluorescein (DCF). Briefly, 10 mM DCFH-DA stock solution (in methanol) was
diluted 500-fold in HBSS without serum or other additive to yield a 20 uM
working solution. After 48 h of exposure to SiO, nanoparticles, the cells in the 24-
well plate were washed twice with HBSS and then incubated in 2 ml working
solution of DCFH-DA at 37 °C for 30 min. Fluorescence was then determined at
485-nm excitation and 520-nm emission using a microplate reader.

GSH measurement. ~ The method developed by Winters et al. was used to
determine the cellular GSH levels (Winters et al., 1995). After freezing at
—70 °C, the cells were homogenized in serine borate buffer (100 mM Tris—HCl,
10 mM boric acid, 5 mM L-serine, | mM DETAPAC, pH 7.5).
Twenty microliters homogenate was added to 230 pul HPLC grade H,O and
750 pl NMP solution (1 mM in acetonitrile). The resulting suspensions were
incubated for 5 min at room temperature, and then 5 pl of 2N HCI was added to
stop the reaction. The samples were filtered through a 0.2 pm Whatman Puradisc
syringe filter (Whatman International Ltd., Maidstone, Kent, UK), and an
aliquot of 20 pul was injected for analysis using a PerkinElmer HPLC system
(PerkinElmer Inc., Wellesley, MA, USA) with fluorescence detection (excitation
at 330 nm, emission at 375 nm) and a 5-pum Reliasil C18 column (250 x 4.6 mm)
(Column Engineering, Ontario, CA, USA). The mobile phase consisted of 70%
acetonitrile, 30% HPLC H,O containing 1ml/l acetic acid, and 1 ml/l o-
phosphoric acid. The flow rate was 1.0 ml/min.

MDA measurement.  The cellular concentration of malondialdehyde (MDA)
was determined by the method described by Draper et al. with some
modifications (Draper et al., 1993). An aliquot of 350 pl of cell homogenate
was mixed with 100 pl of 500 ppm BHT in methanol and 550 pul of 10%
TCA. The resulting mixture was boiled for 30 min to precipitate the proteins.
After cooling on ice, the sample was centrifuged at 1500xg for 10 min. The
supernatant was collected, and 500 pl was mixed with 500 pl of a saturated
aqueous TBA solution. This mixture was heated in a boiling water bath for
30 min. After cooling to room temperature, 500 pl samples were extracted
with 1 ml of n-butanol using a Vortex mixer, and then centrifuged at 1000xg
for 5 min. The top layer was collected and filtered through a 0.2 pm
Whatman Puradisc syringe filter, followed by analysis with the same
PerkinElmer HPLC system and column that was used for GSH analysis.
Excitation and emission wavelengths were set at 515 nm and 550 nm,
respectively. Twenty microliters samples were injected for analysis. The
mobile phase consisted of 69.4% 5 mM sodium phosphate buffer (pH 7.0),
30% acetonitrile, and 0.6% THF. The flow rate of the mobile phase was
1.0 ml/min.

Protein assay.  The total protein concentration was measured by the Bradford
method (Bradford, 1976) using a BioRad Assay Kit (BioRad, Richmond, CA,
USA) and bovine serum albumin as the standard.

Statistics.  Data were expressed as the mean+SD from three independent
experiments. One-tailed unpaired Student’s #-test was used for significance
testing, using a p value of 0.05.

Results
Particle characterization

The results from characterization of 15-nm SiO,, 46-nm
Si0, and Min-U-Sil 5 were summarized in Table 1. The mean
size and distribution of these three types of particles were 15+
5 nm, 46+12 nm, and 629+272 nm, respectively. The surface
areas by BET measurement were 268.01, 52.48, and 6.35 mz/g,
respectively. The structure of 15-nm SiO, and 46-nm SiO, was
amorphous while the XRD analysis clearly showed the crystal
characteristic of Min-U-Sil 5.

Hydrodynamic size of SiO, nanoparticles in suspension

The size measured by a dynamic light scattering method
was the particles’ hydrodynamic size, which indicates the
extent of aggregation of particles in suspension. The hydro-
dynamic sizes of the 15-nm and 46-nm SiO, nanoparticles in
water suspension were 590+104 nm and 617+£107 nm,
respectively, indicating that aggregation occurred and the
aggregation was not uniform (relative standard deviation
17.6% and 17.3% respectively).

The dose-dependent cytotoxicity of SiO, nanoparticles and
Min-U-Sil 5

After A549 cells were exposed to SiO, nanoparticles
(15 nm, 46 nm) or Min-U-Sil 5 at 10, 50, and 100 ng/ml for
48 h, cell viability decreased as a function of dosage levels (Fig.
1). Cell viability of the groups exposed to 15-nm SiO,
nanoparticles decreased to 91.9%, 76.0%, and 68.1%, respec-
tively, compared to the control group (ps<0.05). Interestingly,
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Fig. 1. Viability of A549 cells after 48-h exposure to 10 pg/ml, 50 pg/ml, or
100 pg/ml of SiO, nanoparticles (15 nm, 46 nm) and Min-U-Sil 5. Values are
mean+SD from three independent experiments. Triplicates of each treatment
group were used in each independent experiment. Significance indicated by:
*p<0.05 versus cells exposed to 50 pg/ml Min-U-Sil 5. “p<0.05 versus cells
exposed to 100 pg/ml Min-U-Sil 5. Min-U-Sil 5 was used as the positive control
in this study, and the cell viability of the groups exposed to Min-U-Sil 5 (10, 50,
100 pg/ml) decreased significantly to 95.1%, 85.2%, and 81.0%, respectively,
compared to the control group (ps<0.05).

the cytotoxicity of the 46-nm SiO, nanoparticles, which caused
decreases of cell viability of 92.9%, 76.0%, and 70.1%,
respectively, was not significantly different from that of the 15-
nm SiO, nanoparticles. Both the 15-nm and 46-nm nanopar-
ticles showed significantly higher cytotoxicity at 50 and
100 pg/ml dosages than the Min-U-Sil 5, a positive control.
Due to the similarity of cytotoxicity associated with these two
sizes of nanoparticles, only 15-nm SiO, nanoparticles were
used in subsequent time course as well as the mechanism
studies.

Time course and dose-dependent cytotoxicity of 15-nm SiO,
nanoparticles

A549 cells were exposed to SiO, at 10, 50, and 100 pg/ml
dosage levels for 24 h, 48 h, and 72 h. Cell viability decreased as
a function of both concentration and time (Fig. 2). The dose-
dependent cell viabilities at 24 h were 98.0%, 88.9%, and
83.4%, followed by a reduction to 91.9%, 76.0%, and 68.1% at
48 h exposure. After 72-h exposure, cell numbers had decreased
to 82.8%, 67.1%, and 54.6%, compared to the control.

Cellular oxidative stress level and lipid peroxidation induced
by exposure to 15-nm SiO, nanoparticles

DCF fluorescence intensity, indicative of oxidative stress
(OS) in the cells, increased after 48-h exposure to 15-nm SiO,
nanoparticles at all concentrations examined. Compared to the
controls, DCF fluorescence intensity increased by 70%, 139%,
and 181% after exposure to 10, 50, and 100 pg/ml of 15-nm
SiO, nanoparticles, respectively (Fig. 3, ps<0.05). Cellular
GSH level exhibited a dose-dependent decrease (Fig. 4). The
GSH levels were reduced by 8.3%, 12.5%, and 22.4% after 48-h

EZH control
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B350 pg/ml
. MM 100 pg/mi

110 7
100

0

*,0.pB

Cell Viability (% of Control)

Fig. 2. Viability of A549 cells after 24-h, 48-h, and 72-h exposure to 10 pg/ml,
50 pg/ml, or 100 pg/ml of 15 nm SiO, nanoparticles. Values are mean+SD from
three independent experiments. Triplicates of each treatment group were used in
each independent experiment. Significance indicated by: *p<0.05 versus
control cells; *p < 0.05 versus cells exposed to 10 pg/ml SiOs; ¥p<0.05 versus
cells exposed to 50 pg/ml SiO,,

exposure to 15-nm SiO, nanoparticles at the three exposure
levels (ps<0.05). There was a significant correlation between
ROS levels and GSH levels (R*=0.980) (Fig. 5).

Cellular levels of MDA were significantly increased after
exposure to SiO, nanoparticles for 48 h (Fig. 6). The MDA
levels were elevated by 10.9%, 12.8%, and 17.0% at the three
respective exposure levels compared to the control groups
(ps<0.05).

Release of LDH resulted from exposure to 15-nm SiO,
nanoparticles

The cell membrane damage was reflected in the elevated
LDH levels in the cell medium after cells were exposed to 15-
nm SiO, nanoparticles for 48 h (Fig. 7; ps<0.05). The LDH
levels were increased by 8.7%, 12.5%, and 17.7% following
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Fig. 3. DCF-fluorescence intensity after 48-h exposure to 10 pg/ml, 50 pg/ml, or
100 pg/ml of 15 nm SiO, nanoparticles. Values are mean=SD from three
independent experiments. Triplicates of each treatment group were used in each
independent experiment. Significance indicated by: *p<0.05 versus control
cells; *p<0.05 versus cells exposed to 10 pg/ml SiO,; *p<0.05 versus cells
exposed to 50 pg/ml SiO,.
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Fig. 4. Cellular GSH levels of A-549 cells after 48-h exposure to 10 pg/ml,
50 pg/ml, or 100 pg/ml of 15 nm SiO,. Values are mean+SD from three
independent experiments. Significance indicated by: *p<0.05 versus control
cells; “p < 0.05 versus cells exposed to 10 pg/ml SiO,; "p<0.05 versus cells
exposed to 50 pg/ml SiO,.

exposure to 10 pg/ml, 50 pg/ml, and 100 pg/ml of SiO,
nanoparticles, respectively. A linear correlation was observed
between LDH activity and cell viability (R*=0.924). Cell
viability was also highly correlated with the levels of ROS
(R*=0.942) (Fig. 8).

Discussion

To date, there are very few studies investigating the toxic
effects of nanomaterials, and no guidelines are presently
available to quantify these effects. In this study, the cytotoxicity
of two sizes of SiO, nanoparticles (15 nm, 46 nm) was
investigated in cultured human bronchoalveolar carcinoma-
derived cells along with crystalline silica (Min-U-Sil 5) as a
positive control. The cytotoxicity of the 15-nm and 46-nm SiO,
nanoparticles were not significantly different from each other in
the 10—100 pg/ml dosage range. As expected, exposure to
crystalline silica results in significant reduced cell viability (as
shown in Fig. 1). Interestingly, both sizes of SiO, nanoparticles
produced greater cytotoxicity than the crystalline silica in the
50-100 pg/ml dosage range. In an in vivo study, Warheit et al.
(2005) also found that 10 nm SiO, nanoparticles produced a

14
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Fig. 5. Correlation between ROS and GSH levels after 48-h exposure to 10 pg/ml,
50 pg/ml, or 100 pg/ml of 15-nm SiO, nanoparticles.
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Fig. 6. Cellular MDA levels of A-549 cells after 48-h exposure to 10 pg/ml,
50 pg/ml, or 100 pg/ml of 15 nm SiO, nanoparticles. Values are mean+SD from
three independent experiments. Significance indicated by: *p<0.05 versus
control cells.

greater pulmonary inflammatory response than Min-U-Sil
quartz particles (average diameter of 1.6 pm) after instillation
of particles into the lungs of rats at doses of 1 or 5 mg/kg.
However, in a separate experiment of the same study, authors
found an opposite order of inflammatory potency as 50-nm
Si0; nanoparticles versus Min-U-Sil quartz particles. There-
fore, more experiments and mechanism studies are required to
elucidate the cytotoxic difference between nanoscale SiO, and
micro-scale SiO,. Regarding the complexity and diverse
properties of particles, such as composition, size, shape, surface
activities, surface treatment, and crystallinity, a study only
based on size may be misleading if other variables are involved.
Complete evaluation of the effects of various particle properties
is necessary (Oberdorster et al., 2005). In this study, crystalline
silica (Min-U-Sil 5) served as a positive control material for
cytotoxicity evaluation of two SiO, nanoparticles (15 nm,
46 nm), not for micro-scale versus nanoscale comparison
because their crystal structures are different.

Our study showed that 15-nm and 46-nm SiO, exhibited
similar cytotoxicity. Thus, 15-nm SiO, nanoparticles were used
to study nanoparticle-induced oxidative stress in A549 cells.
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Fig. 7. The LDH activities in the cell culture medium after 48-h exposure to
10 pg/ml, 50 pg/ml, or 100 pg/ml of 15-nm SiO, nanoparticles. Values are
mean+SD from three independent experiments. Significance indicated by:
*p<0.05 versus control cells; “p<0.05 versus cells exposed to 10 pg/ml SiO,.
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Fig. 8. Correlation between cell viabilities versus LDH and DCF intensity after
48-h exposure to 10 pg/ml, 50 pg/ml, or 100 pg/ml of 15-nm SiO, nanoparticles.

The results indicated that 15-nm SiO, nanoparticles at dosage
levels of 10—100 pg/ml cause both dose- and time-dependent
cytotoxicity. Concomitant cellular oxidative stress was mani-
fested by elevated ROS levels, reduced GSH levels, and
increased lipid peroxidation. The inverse linear relationship
between the ROS level and the GSH level indicated that free
radical species were generated by exposure to SiO, reduced
cellular antioxidant levels (R*=0.980). Moreover, free radicals
also resulted in the production of malondialdehyde, indicative
of lipid peroxidation. There was a strong correlation between
decreased cell viability and increased ROS level after 48-h
exposure (R*=0.942). The reverse correlation between the
decreased cell viability and the increased LDH activity suggests
that cell death is the primary cause of the reduction in cell
number. Together, these results indicate that the reduction of cell
viability is due to increased cellular stress that leads to increased
cell mortality as indicated by released LDH. While both
sulforhodamine B (SRB) assay and LDH assay measure cell
viability, the LDH provides additional information about cell
membrane damage.

Size-dependent cytotoxicity has been well documented. It is
generally perceived that the smaller a particle, the greater its
toxicity (Kipen and Laskin, 2005; Oberdorster et al., 2005; Nel
et al., 2006). Because of the larger specific surface area, the 15-
nm SiO, particles would be expected to induce higher
oxidative stress than the 46-nm SiO, particles if all other
factors are the same. However, our data showed similar
cytotoxicity between 15-nm and 46-nm SiO, nanoparticles in
the 10-100 pg/ml dosage range. This result may reflect
aggregation of SiO, nanoparticles in the cultured medium.
Based upon our dynamic light scattering data, the 15-nm and
46-nm SiO, nanoparticles aggregated to form hydrodynamic
sizes of 590 nm and 617 nm, respectively. The similar
hydrodynamic sizes of these two nanoparticles might explain
the similar cytotoxicities. It is noted that the hydrodynamic
sizes were measured in the deionized water instead of in cell
medium. The reason is that dynamic light scattering is a
function of the relative refractive indices of the particle or
molecule and the dispersant. When measurement is carried out
in cell medium, the molecules in cell medium will scatter light
and cause interference. Consequently, the data cannot be

accurately obtained. Several techniques are available to prevent
aggregation, including addition of surfactants or modification
of particle surface (Bagwe et al., 2006). However, surface
modification may affect SiO, nanoparticle toxicity by decreas-
ing ROS generation (Fubini and Hubbard, 2003). Sayes et al.
(2006) showed altered toxic effects in the presence of
surfactants or as a result of surface modification to single-
walled carbon nanotubes (SWNT). Their results indicated that
as the degree of sidewall modification increases, SWNT
become less cytotoxic. In addition, sidewall modified SWNT
samples were substantially less cytotoxic than surfactant
stabilized SWNTs. In order to prevent alteration in the toxicity
of Si0, nanoparticles, we freshly dispersed SiO, nanoparticles
in culture medium immediately before each experiment with no
surfactant included in the system.

The detailed mechanism by which ROS are generated is still
unclear. However, there is evidence that crystalline silica can
induce ROS, such as hydroxyl free radical, at the particle surface
(Dalal et al., 1990; Lenz et al., 1992; Carter and Driscoll, 2001;
Porter et al., 2006). Enhanced production of HO" by adding
H,0, to trace iron(IlI)-containing crystalline silica suggests that
a Fenton reaction occurred on the surface of silica particle
(Fubini and Hubbard, 2003). The authors suspected that the
relatively high metal impurities in crystalline silica may play
a key role to yield HO  radicals via the Fenton reaction
(Fe*' +H,0, — Fe*" +OH +HO"). However, our ICP-MS data
(Table 2) indicate that SiO, nanoparticles contain ultra low
levels of metal impurities. Thus, our results suggest that SiO,
nanoparticles generate HO- in the absence of trace metal.
Fenoglio et al. also demonstrated that pure quartz and iron-
deprived quartz dusts can generate HO- in the absence of trace
iron (Fenoglio et al., 2001). The mechanism by which SiO,
nanoparticles generates ROS warrants further investigation.

In addition to inducing oxidative stress, reduced cell viability
by SiO, nanoparticles may result from penetration of particles
into the cell nucleus. Aberrant clusters of topoisomerase I and
protein aggregation may ensue, resulting in functional altera-
tions, such as inhibition of replication, transcription, and cell
proliferation (Chen and von Mikecz, 2005). Furthermore,
expression of a wide variety of genes has been shown to be
sensitive to ROS at the transcriptional level. Among the genes
known to be activated by oxidative stress are those for MAP
kinase signaling, DNA damage, cAMP/Ca”" signaling, NFkB
signaling, PI3-AKT signaling, and apoptosis (Foncea et al.,
2000; Kharasch et al., 2006). We are currently studying the
expression of genes in these signaling pathways in response to
exposure to SiO, nanoparticles.

In conclusion, we have demonstrated that 15-nm and 46-nm
Si0, nanoparticles significantly reduce cell viability in a dose-
dependent and time-dependant manner in bronchoalveolar
carcinoma-derived cells at 10-100 pg/ml dosage. Both of
Si0O, nanoparticles showed higher cytotoxicity than the positive
control material (Min-U-Sil 5). The ROS generated by exposure
to 15-nm SiO, nanoparticles produce oxidative stress in these
cells as reflected by reduced GSH levels and the elevated
production of MDA and LDH, indicative of lipid peroxidation
and membrane damage.
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