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ABSTRACT The widespread use of titanium dioxide (Ti0,) .
nanoparticles in consumer products increases the probability of

exposure to humans and the environment. Although Ti0, nano- ¢ e
particles have been shown to induce DNA damage (comet assay) and § pokBrOI%

§ albumin = ©
chromosome damage (micronudleus assay, MN) in vitro, no study has &

systematically assessed the influence of medium composition on the
S
physicochemical characteristics and genotoxicity of Ti0, nano- SRS

particles. We assessed Ti0, nanoparticle agglomeration, cellular
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human lung epithelial cells using three different nanoparticle-treatment media: keratinocyte growth medium (KGM) plus 0.1% bovine serum albumin (KB);
a synthetic broncheoalveolar lavage fluid containing PBS, 0.6% bovine serum albumin and 0.001% surfactant (DM); or KGM with 10% fetal bovine serum
(KF). The comet assay showed that Ti0, nanoparticles induced similar amounts of DNA damage in all three media, independent of the amount of
agglomeration, cellular interaction, or cell-cycle changes measured by flow cytometry. In contrast, Ti0, nanoparticles induced MN only in KF, which is the
medium that facilitated the lowest amount of agglomeration, the greatest amount of nanoparticle cellular interaction, and the highest population of cells
accumulating in S phase. These results with Ti0, nanoparticles in KF demonstrate an association between medium composition, particle uptake, and
nanoparticle interaction with cells, leading to chromosomal damage as measured by the MN assay.
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he number of consumer and com-
mercial products containing nano-
particles already exceeds 800 and is
growing at an exponential rate.! Metal
oxide nanoparticles, in particular, are cur-
rently present in the environment due to
industrial processes and consumer products
available on the market.” This increased
usage requires an improved understanding
of the potential risks and hazards associated
with human exposure. Specifically, it is cri-
tically important to identify those physico-
chemical characteristics of nanoparticles
that may cause detrimental health effects.
Titanium dioxide (TiO,) nanoparticles,
which are one of the most widely used en-
gineered nanoparticles, are used in sunscreens
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and cosmetics because of their absorptive
properties and have also been used as a
wastewater disinfectant due to their photoca-
talytic properties." The National Institute for
Occupational Safety and Health has made
efforts to determine two different size/concen-
tration levels for worker safety due to the
potential for nanosized TiO, particles to cause
toxicity.? Furthermore, the crystal structure of
TiO, nanoparticles has been shown previously
to play a role in the toxicity of such nanopar-
ticles, with the anatase isoform inducing great-
erinflammation than the rutile isoform in vivo?

Several studies over the past decade have
used the single cell gel electrophoresis
(comet) assay and cytokinesis-blocked mi-
cronucleus (MN) assay to investigate the
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in vitro genotoxicity of TiO, nanoparticles. In some
studies, TiO, nanoparticles showed no significant in-
duction of DNA damage based on the comet assay in
human peripheral blood lymphocytes* or BEAS-2B/
IMR-90 cells.> However, other studies found that TiO,
nanoparticles induced DNA damage in BEAS-2B.%’
GFSk-51 cells,® and peripheral blood lymphocytes.® On
the basis of the results with the MN assay, researchers
have found that TiO, nanoparticles induce chromoso-
mal damage in BEAS-2B cells at 24 h;” in SHE fibroblasts
at 12, 24,48, 66,and 72 h;'®in WIL2-NS cells at 6, 24, and
48 h;"" and in peripheral blood lymphocytes in vitro at
12, 24, and, 48 h.° However, another study in BEAS-2B
cells showed a significant increase in MN only after a
72 h exposure but not after a 24 or 48 h exposure.®

A potential explanation for this discrepancy is in the
preparation of the nanoparticles as well as the type of
medium in which the cells are cultured and/or treated.
Nanoparticle—protein interactions (referred to as the
“protein corona” or the association of proteins in a
biological medium with the surface of the nanoparticle)
have been hypothesized to play an important role in the
uptake, distribution, and toxicity of nanoparticles in
biological systems; however, it is still unclear how this
occurs.'>~ ' For example, reactive oxygen species (ROS)
produced by exposure to carbon black particles in a
Monomac-6 cell line were increased when medium
containing 1% bovine serum albumin (BSA) and/or
0.025% surfactant was used."” A surfactant (Pluronic
F127) used to disperse single-walled carbon nanotubes,
and amorphous silica resulted in a lower toxicity in RAW
264.7, a macrophage-like cell line."® Gold nanorods in-
duced less toxicity in HelLa cells when serum was used in
the cell culture medium, and this was associated with
reduced cellular uptake.'® On the other hand, silica
suspended in bronchoalveolar lavage (BAL) fluid showed
no differences in the induction of pulmonary inflamma-
tion and lactate dehydrogenase in A549 (a human lung
cell line) compared to a phosphate buffer solution.'®

Despite the apparent role of medium composition
and other factors on the genotoxicity of TiO, nanopar-
ticles, no systematic assessment of these parameters
has been performed.>°~® Consequently, there is no
consensus or harmonized guidance on how to prepare
nanoparticles for in vitro toxicity testing or to formulate
the composition of the medium. Additionally, there is
no consensus on what physicochemical characteristics
of the particles should be determined and reported or
for the physicochemical characteristics that may influ-
ence genotoxicity.”?> Some genotoxicity studies have
not characterized the nanoparticles in dispersion;’
nonetheless, physical characteristics such as surface
area, primary particle size, and agglomeration/stability
of the dispersion are thought to play a role in the
toxicity of nanoparticles.®*~%’

The relationship between the protein corona and its
role in genotoxicity is not fully understood.?? Cationic
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polysaccharide nanoparticles (60 nm) dispersed in ser-
um, no serum, or BSA were shown to have differencesin
cellular uptake, DNA damage, and MN frequencies in
16HBE140- human bronchial epithelial cells.®® Corradi
et al®® studied an array of nanoparticles (Lys-SiOs, TiOs,
Zn0, and multiwalled carbon nanotubes) in the presence
or absence of 10% serum in A549 cells after a 4 h
exposure and showed increases in MN frequency in cells
treated with ZnO in the presence of serum. Thus, there is
a need to determine the most appropriate procedures by
which to characterize TiO, nanoparticles, to measure
their uptake into cells, and to evaluate their genotoxicity
in order to produce data useful for assessing the safety of
nanoparticles. 3%’

To address this issue, we have determined the
cytotoxicity and genotoxicity of 10—100 ug/mL of
TiO, nanoparticles in human lung epithelial cells
(BEAS-2B) exposed in three different media that have
been used previously in nanotoxicology studies.'>'”~'°
We chose this concentration range to be consistent
with previously published literature on the in vitro
genotoxicity of TiO, nanoparticles*"" We diluted
and sonicated TiO, nanoparticles in either (a) kerati-
nocyte growth medium (KGM) with 0.1% BSA, referred
to as KB, (b) a medium that mimics BAL by containing
phosphate-buffered saline (PBS) with 0.6% BSA and
0.001% DSPC (1,2-dipalmitoyl-sn-glycero-3-phospho-
choline, a surfactant) as a biologically relevant medium
that can also improve dispersion'”"'® and referred to
herein as dispersion medium (DM), or (c) KGM with
10% fetal bovine serum (FBS) and referred to as KF.
These media compositions are those of the nanopar-
ticle-treatment media. The cell-treatment media had
lower levels of protein compared to the nanoparticle-
treatment media, which were composed as follows: KB
was KGM + 0.01% BSA, DM was KGM alone, and KF was
KGM + 1% FBS. We characterized primary particle size,
surface area, purity, and crystal structure by transmis-
sion electron microscopy (TEM) and visualized TiO,
nanoparticles in each treatment medium with scanning
electron microscopy (SEM). We also assessed whether
proteins in each treatment medium were adsorbed to
the nanoparticle surface using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Lastly,
we determined the hydrodynamic diameter/size, poly-
dispersion index (Pdl), and zeta-potential by dynamic
light scattering (DLS), as well as cellular interaction and
cell-cycle effects by flow cytometry3%33

RESULTS AND DISCUSSION

We evaluated the cytotoxicity, genotoxicity, agglom-
eration, cellular interaction, and effects on cell cycle of
TiO, nanoparticles prepared in three media: (a) KB, which
had a low concentration of protein (0.1% BSA); (b) DM,
which had a lower level of protein (0.6% BSA) plus 0.001%
surfactant; and (c) KF, which contained 10% FBS. By
measuring various physicochemical characteristics, we
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have attempted to determine which media influenced
the genotoxicity of TiO, nanoparticles based on two
standard in vitro assays: the comet and the MN assays.

Physicochemical Characterization of Ti0, Nanoparticles in Dry
Form and Treatment Medium. Determining the physical
characteristics of nanoparticles in dry form and in
treatment medium has become important in compar-
ing studies across the literature.?"*>3* The physical
characteristics of Degussa P25 AEROXIDE TiO, in dry
form were measured by TEM at the University of
Kentucky. A representative image is shown in Supple-
mental Figure 1, and the results are presented in Table 1.
The primary particle size was measured to be ~27.5 nm,
with a surface area of 49 mz/g, and the particles were a
mixture of anatase and rutile crystal structures. As
illustrated by SEM in Figure 1, TiO, nanoparticles were
qualitatively different in all three treatment media. The
KF medium resulted in smaller agglomerated nanopar-
ticles compared to those observed in the other two
media.

DLS was used to measure hydrodynamic diameter,
PdI, and zeta-potential of nanoparticles in suspension.
We initially measured each treatment medium alone
and determined that the protein concentrations did
not confound the DLS results (Supplemental Figure 2).
DLS measurements of TiO, nanoparticles in the three
treatment media showed that KB resulted in the largest
agglomerates, followed by DM and then KF (Figure 2A).
After 24 h at 37 °C, the suspension in KB showed larger
agglomerates with increasing concentration from the 0 h
size measurements, whereas KF did not. DM showed
slightly elevated agglomerates at 24 h, with a significant
increase compared with KF. Agglomerates in KB were still
significantly greater than DM and KF after 24 h (Figure 2B).

Collectively, the results above demonstrate the
increasing stability of dispersions with increasing amounts
of protein as evidenced by the maintenance of ag-
glomerate size during a 24 h treatment period at
concentrations from 10 to 100 #g/mL. The rank order
of agglomeration size in treatment media based on the
DLS data at 0 and 24 h was KB > DM > KF. Representa-
tive graphs of dynamic light scattering data show that
TiO, agglomeration increased with increasing concen-
tration in each medium (Supplemental Figures 3—5).
The hydrodynamic diameter of TiO, nanoparticles sus-
pended in distilled water ranged from 273 to 309 nm,
consistent with previous studies (Table 2).2°

We also calculated the Pdl, which is a measure of
the variance in size measurements, for each concen-
tration in each treatment medium (Table 2). The values
for all concentrations in all treatment media were
between 0.2 and 0.8, with KB yielding the highest Pdl
values and KF yielding the lowest. Zeta-potential, a
measure of electrokinetic potential that indicates the
degree of repulsion between particles, was —0.53 to
—8.47 mV for all concentrations in all treatment media
at 37 °C (Table 2). To be considered a disperse
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TABLE 1. Physical Characteristics of TiO, Nanoparticles®

characteristic result
primary particle size 27.5 nm?
size range 14.2—64.6 nm’
surface area 49 mz/gb
% purity 95.1%"
aystal form 86% anatase/14% rutile®
elemental analysis Ti = 59.95%"

“Data from the University of Kentucky (see Materials and Methods).*'>° bSize,

surface area, purity, and crystal form of P25 Ti0, received from the manufacturer
were measured independently. Approximately, 150 dry particles were examined by
TEM.  Elemental analysis by ICP/MS. Because the sample showed high purity, a set
of 31 elements was checked to find contaminants. The levels of contaminants in the
highest concentration were as follows: Co (971 and 1002 ppm), K (350 and <0.05 ppm),
Si0; (1578 and 1219 ppm), and V (303 and 315 ppm).

Figure 1. Representative SEM images of TiO, nanoparticles
dispersed in (A) KB medium, (B) DM medium, and (C) KF
medium at 200 1.g/mL. Magnification: ~18 000 x (large image)
and ~3000x (smaller image); the large figures are a 6x
magnification of the small (inset) figures. These images show
that the nanoparticles form fewer and smaller agglomerates
in KF medium (C) than in the other two media (A,B).

suspension, these zeta-potential values should be
above/below +30 mV.3> Thus, our results with both
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Pdl and zeta-potential indicate that the nanoparticle
“dispersions” were unstable, aggregating and separat-
ing out of the liquid phase during the genotoxicity
experiments, which is common for medium suspen-
sions of TiO, nanoparticles.?® Zeta-potential of TiO,
nanoparticles in distilled water was lower than in

0 20 40 60 80 100
Concentration (ug/ml)

0 20 40 60 80 100
Concentration (ug/ml)

Figure 2. Characterization of TiO, nanoparticles in treat-
ment media by dynamic light scattering. Mean hydro-
dynamic diameter (d, nm) was determined for all three
treatment media from 0 to 100 ug/mL at (A) t = 0 h and
(B) t = 24 h. Data are represented as mean + SD of three
independent measurements; *p < 0.05 denotes a significant
increase from KF treatment; ”p < 0.05 denotes a significant
increase from DM treatment.

medium, with a range of —8.7 to —17.2 mV (indicating
a more disperse suspension), which has been shown
previously (Table 2).263¢

The size, Pdl, and zeta-potential of nanoparticles in
solution can be influenced by characteristics of the
medium such as protein concentration, pH, and type of
nanoparticle.?® In our study, we confirmed this by
showing an inverse correlation between protein con-
centration and average hydrodynamic diameter of
TiO, agglomerates in medium with the same tempera-
ture and pH and similar zeta-potentials. Additionally,
we have shown that the protein corona on the nano-
particle surface as determined by SDS-PAGE is asso-
ciated with the amount of protein in the treatment
medium (Supplemental Figure 6). These data indicate
that the protein in the medium can adsorb to the
nanoparticle surface and play an important role in
surface presentation and agglomeration.'® The ability of
metal oxide nanoparticles to adsorb proteins onto their
surface has been studied previously;***” however, the
biological effects of this are not well-understood.

Determination of Cellular Interaction. TiO, nanoparticles
can enter cells, resulting in a change in the cytoplasm
that can be measured by flow cytometry using side
scatter.323338 Thus, we assessed cellular interaction
quantitatively and qualitatively by flow cytometry
using a method developed in our laboratory.?*33
Figure 3A shows a representative side-scatter distribu-
tion for concentrations of 10—100 ug/mL of TiO;, nano-
particles in cells in each treatment medium. Side scatter is
thought to indicate the cell granularity and mass of the
cells 39 After treatment of the cells with TiO, nanopar-
ticles, there are increases in the side scatter (90° direction)
of the cells. These values can be quantified using a ratio
that compares the histogram of the treated population
of cells to an untreated control (Figure 3B). There is a
direct relationship between concentration of nanoparticles

TABLE 2. TiO, Nanoparticle Characterization in Three Treatment Media and H,0 Measured by Dynamic Light Scattering®

medium concentration (..g/mlL) size (nm) size after 24 h at 37 °C (nm) Pdl PdI after 24 h at 37 °C zeta-potential (mV)
KB 10 877 £1153 513.8 + 248 0.569 & 0.152 0.540 =+ 0.072 —053+08
20 7124 % 157.96 7147 + 2237 0630 £ 0.116 0.844 + 0.149 —5.144+ 20
50 1040.5 + 285.7 12713 + 1488 0411 £ 0123 0.614 = 0.189 —634+ 15
100 1580.3 + 2833 1605.8 + 28.6 0523 + 0236 0.788 = 0.069 —171+ 04
DM 10 3145 + 69.8 360.4 + 744 0426 + 0.120 0.324 %+ 0.135 —299 4+ 0.7
20 467.9 + 56.8 3425 + 161.1 0.338 = 0360 0.314 = 0.162 —7.05 + 3.2
50 7477 + 3214 736.6 + 2189 0.643 =+ 0.145 0.643 = 0.145 —263+33
100 926.9 + 3384 818.9 + 552 0.733 + 0.062 0.733 = 0.062 —529+ 16
KF 10 256.3 + 103 2233 + 126 0.345 =+ 0.001 0.367 % 0.021 —847 +02
20 300.6 =+ 152 3029 + 256 0312 =+ 0.022 0.299 + 0.028 —671+17
50 357.9 + 334 2984 + 49 0239 + 0.012 0.247 + 0.001 —231+04
100 359.6 + 223 2888 + 117 0233 + 0.023 0.215 = 0010 —7.04 4+ 20
dH,0 10 309.7 & 145 n/a’ 036 + 0.04 n/a’ —87+64
20 282.5 + 14.1 n/a 0.32 4 0.02 n/a’ —17.2£ 80
50 2769 + 143 n/a 0.27 4 0.02 n/a’ —16.1+ 34
100 2738+ 59 n/a 0.24 + 0.01 n/a’ —102 £ 3.2

“Data are the mean == SD of three independent measurements. * Not tested.
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delivered to the cells and side scatter detected by the
flow cytometer. The data are presented as the ratio of
the histogram means of the treated population to the
control population. This signal appears to be the result
of both single and agglomerated nanoparticles located
inside the cell that increase the refractive index and, thus,
the amount of side-scatter light. We and others have
shown a direct relationship between the concentration of
nanoparticles and the amount of light scatter measured by
flow cytometry, and this relationship has also been con-
firmed by dark-field microscopy.3>333>3940

A representative dark-field microscopy image of a
BEAS-2B cell after a 24 h exposure to TiO, nanoparticles
is shown in Figure 3C. At high concentrations of TiO,
nanoparticles (20—100 ug/mL), the cytoplasm appears
to consist primarily of agglomerates. Microscopy has
been used previously by our group and others to
visualize nanoparticle interaction with cells.3%397 |t
should be noted that the nanoparticles (colored white)
are not located in or over the nucleus.

In BEAS-2B cells treated with TiO, nanoparticles in
KF, the cell population displayed a concentration-
dependent increase in side scatter (Figure 2B), with a
ratio normalized to a control of 22.4 at 100 ug/mL
(Supplemental Table 4). However, BEAS-2B cells trea-
ted with KB and DM showed lower side-scatter values
at all concentrations compared to the KF medium, with
DM < KB (Figure 3B). The side-scatter ratios normalized
to control for KB and DM were 12.2 and 10.6 at 100 ug/
mL, respectively (Supplemental Table 1). This indicates
less cellular interaction of TiO, nanoparticles dispersed
in KB and DM occurs compared with TiO, nanoparticles
dispersed in KF.

Our data indicate that agglomeration size may play
a primary role in cellular interaction of TiO, nanopar-
ticles, and the medium composition influences both
agglomeration size and, consequently, nanoparticle
uptake. TiO, nanoparticle uptake has been associated
with clathrin-coated endocytosis, caveolin-mediated
endocytosis, and macropinocytosis.*” A study by Tedja
et al.*® showed that FBS treatment of TiO, nanoparti-
cles similar to those used in our study increased cellular
uptake compared to the absence of FBS due to a
second phase of uptake between 6 and 24 h. Further-
more, they showed that the cellular uptake of FBS-
treated TiO, nanoparticles occurred by clathrin-mediated
endocytosis and that incubation with antivitronectin
antibody reduced the cellular uptake of FBS-treated to
the level of non-FBS-treated TiO, nanoparticles in A549
cells. In our study, we confirm the cellular uptake
results shown by Tedja et al. in BEAS-2B cells and
additionally show that medium mimicking BAL con-
taining BSA and a surfactant can further reduce cellular
uptake. This result may mimic a real-world inhalation
exposure more than standard in vitro studies due to
nanoparticle—protein interactions with BAL, particu-
larly lipids.*®

PRASAD ET AL.

Cytotoxicity of Ti0, Nanoparticles. The viability of BEAS-
2B cells treated with TiO, nanoparticles in all three
treatment media was assessed by live/dead staining
and microscopy (Supplemental Figure 7A) using a pro-
pidium iodide/calcein AM commercial kit (Invitrogen). A
24 h exposure to TiO, in all three treatment media
produced a <10% decrease in cell viability at the highest
concentration (100 ug/mL). This result was confirmed by
the trypan dye exclusion assay (Supplemental Figure 8). A
24 h exposure to 100 uM methyl methanesulfonate
(MMS), which was used as a positive cytotoxicity control,
confirmed the sensitivity of the live/dead assay, with a
mean cytotoxicity of 56% compared with untreated cells
(data not shown).

Cytotoxicity is a primary biological end point in
determining the toxicity of an environmental contami-
nant. In this study, we found that TiO, nanoparticles were
not cytotoxic at any concentration up to 100 #g/mL. This
result is in agreement with some reports>® and in dis-
agreement with others®" on the cytotoxicity of TiO,
nanoparticles.”® The differences in the literature may be
due to the specific mechanism by which certain cytotoxi-
city assays evaluate cell changes, such as membrane
permeability (live/dead and trypan blue assays) versus
mitochondrial function (3-(4,5-dimethylthiazole-2-yl)-2,5-
biphenyl tetrazolium bromide or MTT assay). Some na-
noparticles have been shown to cause disruption of the
mitochondrial respiratory chain.®° Several studies have
shown the ability of nanoparticles to confound cytotoxi-
city results by interacting with and/or quenching colori-
metric assays, fluorometric dyes, or reaction products in
assays such as MTT, neutral red, monosodium salt (WST-1),
and Coomassie blue.?®>'~>% Similar to previous studies
from our group, we analyzed several images in each
replicate experiment to ensure that TiO, nanoparticles
in each treatment medium did not quench the specific
dyes used (Supplemental Figure 7B).*°

Genotoxicity. We quantified DNA damage by the
comet assay in BEAS-2B cells treated with TiO, nano-
particles, as shown in Figure 4 and Supplemental Table 2.
There was a concentration-dependent increase in DNA
damage after TiO, nanoparticle exposure in all three
treatment media that was weakly genotoxic but sta-
tistically significant. However, there were no differ-
ences in the slopes of the concentration—response
curves of the TiO,-induced DNA damage in the cells in
the three media. The 100 uM MMS (1 h exposure) positive
control, run concurrently with each experiment and also
shown in Figure 4, elicited a highly significant increase in
induced DNA damage in all three treatment media.

Other studies have suggested that the DNA da-
mage induced by TiO, nanoparticles detected by the
comet assay likely occurs via oxidative stress due to
hydroxyl radical formation. TiO, nanoparticles have
been shown to produce ROS in vitro>”*® and by our
group as measured by immuno-spin-trapping in a cell-
free system.>® Furthermore, studies have used modified
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Figure 3. Comparison of cellular interaction of TiO, nanoparticles in three different dispersion media (KF, KB, and DM) as
revealed by flow cytometer side scatter. (A) Side-scatter histogram profile of cells after exposure to 0, 10, 20, 50, and 100 xg/mL
TiO, nanoparticles. (B) Representative figure of the mean cell size from the histograms shown in Figure 2A is represented as
the ratio of treated to control cells (0 xg/mL). (C) Representative dark-field microscopy image of BEAS-2B cell after a 24 h
exposure to TiO, nanoparticles stained with 40 x«g/mL of acridine orange. A three-color image was acquired using a Nikon
E-800 microscope using a FITC filter to observe the nucleus and a TRITC filter to observe the cytoplasm. These fluorescent
images were then combined with a dark-field image (white). The Nikon Plan Fluor 60x lens was used with the iris set at ~0.8
NA; magnification was 600 x.
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Figure 4. Effect of three different media on the induction of DNA damage (% tail DNA) in the comet assay by TiO,
nanoparticles in BEAS-2B cells after a 24 h exposure. Data are from three independent experiments normalized by subtracting
concurrent negative controls (KB, 2.8 £ 0.3%; DM, 3.7 & 1.6%; KF, 3.2 &= 0.6%). The positive control (MMS) at 100 «M was used
concurrently with each independent experiment (*p < 0.05 from untreated control). Comparison of regression lines showed
that there was no effect of medium composition on the induction of DNA damage by the nanopatrticles; however, a small but
statistically significant increase in DNA damage was shown with increasing concentration (p = 0.0006, R> = 0.38). All
concentrations in all treatment media induced DNA damage that was significantly greater than the concurrent negative
control except for two points: 10 ug/mL in KF and 50 xg/mL in DM.

versions of the comet assay such as formamidopyrimi- stress-induced DNA damage by TiO, nanoparticles.’”
dine DNA-glycosylase treatment to show oxidative Proteomic studies performed by our group on BEAS-2B
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Figure 5. Effect of medium composition on the induction of
MN in BEAS-2B cells treated with TiO, nanoparticles for 24 h.
Data are from two independent experiments. The positive
control (100 xM MMS) was used concurrently with each
independent experiment and induced significant MN in all
treatment media (KB, 71.0 & 4.2 MN/1000 BN; DM, 71.0 +
2.8 MN/1000 BN; KF, 69.5 + 3.5 MN/1000 BN, *p < 0.05 from
untreated control). (A) Statistical analysis showed that there
was no significant induction of MN by TiO, nanoparticles in
DM or KB media (p = 0.20, R> = 0.20; p = 0.35, R? = 0.11,
respectively). However, there was a highly significant in-
duction of MN in cells treated in KF medium (p < 0.0001,
R?>=0.89).(B) Cytokinesis-blocked proliferation index (CBPI)
showed no difference in treatment medium on cytostasis;
however, there was an effect of concentration (p < 0.05).

cells treated with TiO, nanoparticles in KB show an
increase in expression and activity of two of the most
common antioxidant enzymes, catalase and superoxide
dismutase. Further, peroxiredoxins and actin proteins
known to be associated with the Nrf-2-mediated antiox-
idative stress pathway were up-regulated as measured by
2D gel electrophoresis analysis.®® On the basis of our data
and the aforementioned studies, we propose that the
DNA damage measured by the comet assay may result
from ROS.

Chromosome breakage and loss were assessed by
the cytokinesis-blocked MN assay, as shown in Figure 5.
No increases in MN formation could be shown for BEAS-
2B cells treated with any concentration of TiO, nano-
particles in KB or DM. However, TiO, exposure in KF
caused a significant concentration-related increase in
MN. The positive control, 100 uM MMS, clearly induced a
significant increase in MN in all three treatment media.

The use of serum for in vitro nanoparticle studies
has been found to influence biological end points and
has produced different responses with different types

PRASAD ET AL.
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Figure 6. Effect of medium composition on the cell cycle in
BEAS-2B cells treated with TiO, nanoparticles for 24 h. Data are
from two independent experiments. Cell-cycle analysis showed
that cells treated with TiO, nanoparticles in the KF medium
elicited a significant concentration-dependent increase in % of
S-phase cells (p = 0.002, R> = 0.82), whereas the cells treated
with TiO, nanoparticles in the KB and DM media did not.

of nanoparticles.?**%*"8 When comparing our study
to the body of literature on the in vitro genotoxicity of
TiO, nanoparticles, the majority of studies that gave
positive results for the MN assay were in cell lines in
medium containing 10% or greater FBS in culture and
during treatment;”'>'" however, those that gave ne-
gative results were performed in serum-free medium.®

Rahman et al.'® have shown that TiO, nanoparticles
are clastogenic; thus, the MN seen in our study was due
most likely to chromosome breakage. If we assume the
MN results are from chromosome breakage and not
chromosome loss (aneuploidy), this effect would be
dependent on the time of occurrence of the DNA
damage in the cell cycle, the type of damage, whether
the damage is repaired or not, and the passage of the
cells through the cell cycle to the completion of nuclear
division.
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Cell Cyde. To determine the effect of TiO, nanopar-
ticles in the three treatment media on cell cycle, treated
BEAS-2B cells were lysed with nonionic detergent (NP 40),
incubated for 15 min at 37 °C, and stained with propi-
dium iodide (PI) as described.®’ The cells were put on ice
prior to measuring them in a flow cytometer. As shown in
Figure 6, KB- and DM-treated cell populations exposed to
different concentrations of TiO, nanoparticles had cell-
cycle profiles similar to those of untreated control cells.
However, TiO, nanoparticle-treated BEAS-2B cells in KF
showed a significant concentration-dependent increase
in the number of S-phase cells (Supplemental Table 3).
Other studies on the effects of TiO, nanoparticles on cell-
cycle progression have found cell-cycle arrest in the
short- and long-term.®%%3

We hypothesize that the effects seen in TiO,-treated
cells in KF are due to nanoparticle—protein interactions
that produce small agglomerates, which could be
taken into the cell in greater amounts than larger
agglomerates. TiO, nanoparticles in the cell may in-
duce DNA damage regardless of media composition;
however, the agglomerates formed in KF are more likely
than agglomerates formed in the other media to induce
a type of DNA damage that is processed into MN. In
contrast, TiO, nanoparticles in KB and DM produced
large TiO, nanoparticle agglomerates that were not
taken up as readily into the cell, and although DNA
damage (comet) was induced by such agglomerates,
these agglomerates were clearly unable to induce MN.

DM, which contained a surfactant to mimic bronchial-
alveolar fluid, served as a model for human inhalation
exposure, whereas KF contained serum proteins that may
mimic blood. Our results showed that TiO, nanoparticles
induced a higher frequency of MN in KF than in DM,
suggesting that TiO, might be more genotoxic via
ingestion than inhalation. Indeed, such results have been
found in vivo in mice where 5 days of ingestion of TiO,
nanoparticles in drinking water induced clastogenicity,
genotoxicity, oxidative damage, and inflammation,®* but
5 days of inhalation exposure induced only inflammation
but no genotoxicity.>> The in vitro model used in our
study is consistent with in vivo findings and clearly shows
that there may be health effects associated with nano-
scale versus micrometer-scale agglomerates of the same
type of nanoparticle.? This finding is important because
there are real-world exposures to a wide range of
agglomerated nanoparticles. Future needs are to
identify the size of agglomerates that can lead to
adverse outcomes. These studies and our data suggest

MATERIALS AND METHODS

Chemicals and Instruments. The TiO, nanoparticles (86% ana-
tase and 14% rutile as listed by the manufacturer) were obtained
from Degussa (now Evonik, AEROXIDE TiO, P25, Parsippany, NJ).
Particles were sonicated using a probe sonicator (Cole Parmer,
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that the route of exposure may play a critical role in
the potential genotoxicity of TiO, nanoparticles to
humans.

A limitation of this study is the various ways in
which the nanoparticles were prepared. We note that
the preparation procedures involved in the dispersal
and sonication of TiO, nanoparticles in each treatment
medium differ. Also, the addition of serum could
potentially act to differentiate the BEAS-2B cells. How-
ever, we derive our conclusions from cytotoxicity, cell-
cycle populations in the untreated controls and the cyto-
kinesis-blocked proliferation index data (Supplemental
Figures 6 and 7, Figure 5B, and Figure 6) that show no
significant differences among the treatment media at
all concentrations tested. In addition, comparison of
the negative and positive controls across all assays
showed no effect of treatment media. Additional stud-
ies are needed on the ability of nanoparticles to bind to
extracellular and intracellular proteins, the mechanism
of cellular interaction/uptake, and subsequent me-
chanisms of toxicity.

CONCLUSIONS

As summarized in Table 3, we have identified the
physicochemical characteristics of TiO, nanoparticles,
their cellular uptake, and their ability to induce geno-
toxicity and alter the cell cycle in three treatment
media of various compositions, defined by protein
and lipid concentration. The results showed that the
particles agglomerated less in particle-treatment med-
ium that contained 10% FBS (KF) compared to medium
with less protein (KB) or medium composed of less
protein + surfactant (DM). We find that the smaller TiO,
nanoparticle agglomerates, which occur in the KF
medium, interact more with the cells than do those
formed in the other two media, which are larger agglom-
erates. This result is likely due to the protein corona
formed in KF relative to the other two media. The DNA
damage as measured by the comet assay was induced
equally by the nanoparticles in all three media, indicating
that the hydrodynamic diameter of the agglomerates
had no influence on the ability of the nanoparticles to
induce DNA damage as measured by the comet assay. In
contrast, the consequence of the differential agglomera-
tion and particle interaction among the media is that the
chromosomal damage as measured by the MN assay and
the increased percentage of S-phase cells occurs only in
the KF medium, due to the protein in this medium
relative to the other two media.

Vernon Hills, IL) and a Misonix S-4000 cup-horn sonicator (Cole
Parmer). Particle sizing and elemental analysis in the dry form
were performed by TEM and ion-coupled plasmon mass spectro-
metry at the University of Kentucky (Contract #PR-NC-08-
10414).*' TiO, dispersions were characterized for hydrodynamic
diameter and zeta-potential by dynamic light scattering (DLS)
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using a Zetasizer Nano (Malvern Instruments, Worcestershire,
UK). The average particle size in the dry form was determined as
an arithmetic mean of the measured diameters of approximately
150 particles. Elemental analysis was performed by ICP/MS in
duplicate, and specific surface area was determined by BET.*'

We used three different nanoparticle-treatment media. A
medium with a low concentration of protein (KB) was com-
posed of KGM (Lonza, Walkersville, MD) plus 0.1% BSA (Sigma,
St. Louis, MO). The dispersion medium (DM) was composed of
PBS supplemented with a moderate level of protein in the form
of BSA at 6.0 mg/mL (0.6%) and 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DSPC) at 10 ug/mL (0.001%) and was pur-
chased from Sigma-Aldrich. A serum-containing medium (KF)
was composed of KGM plus 10% FBS (Invitrogen).

Particle Preparation. For the KB or KF dispersion, preweighed
TiO, nanoparticles were suspended in KGM medium with 0.1%
BSA (KB) or KGM with 10% FBS (KF) at 1 mg/mL and probe
sonicated at 7 W for 2 min on ice; subsequent dilutions in KB and
KF were made to 500, 200, and 100 u#g/mL.

For the DM dispersion, the protocol of Porter et al.™ was
used with some modifications. For the preparation of this treat-
ment medium, stock concentrations of 10 mg/mL DSPC were
prepared in 100% ethanol, and BSA was made at a concentra-
tion of 10 mg/mL. The final concentration of BSA was 0.6% and
that of DSPC was 0.001%. The TiO, nanoparticles were sus-
pended at a stock concentration of 1 mg/mL and sonicated
using a cup-horn sonicatorat 78—82 W for 1 husinga 10son, 10s
off protocol. Every 20 min, the samples were removed and
vortexed to ensure a homogeneous mixture. The particles were
then centrifuged at 12000g for 10 min, the supernatant was
aspirated, and the protein- and lipid-coated nanoparticles were
resuspended in KGM medium. Subsequent dilutions were
performed in the same manner as were particles suspended
in KB and KF.

Particle Characterization. Nanoparticles were characterized in
dry form using TEM (University of Kentucky) and in medium
using DLS and zeta-potential measurement techniques. All
nanomaterial preparations were diluted 1:10 in KGM and sub-
jected to dynamic light scattering analysis at 0 and 24 h for size
and zeta-potential measurements and calculations. Approxi-
mately 1 mL of each concentration (0, 10, 20, 50, and 100 xg/mL)
was placed in a sizing cuvette (Sarstedt, Nimbrecht, Germany)
and measured by the Zetasizer Nano at 37 °C (Malvern Instru-
ments, Worcestershire, UK). Intensity and Pdl measurements at
each concentration were at 0 and 24 h. The refractive index used
for the measurements was 2.51, reflecting a 14% rutile and 86%
anatase mixture. Samples were placed in a humidified incubator
at 37 °C between measurements. For zeta-potential, each con-
centration was measured using a zeta-potential cuvette (Malvern
Instruments, Worcestershire, UK) at 0 h time point only. All
particle characterization measurements are the mean + SD of
three independent experiments.

Scanning Electron Microscopy. Stock TiO, nanoparticle suspen-
sions were prepared as described previously in different treat-
ment media at a concentration of 1 mg/mL. Suspensions were
then subsequently diluted 1:5 in PTFE-capped glass vials (VWR
International, Morrisville, NC) using their original treatment
media. Diluted TiO, nanoparticle suspensions were mixed,
and 5 uL of each sample was placed in the center of a prewarmed
(45—50 °C) 0.2 um nylon membrane filter (P/N 66600, 13 mm
diameter, Pall Life Sciences, Ann Arbor, MI) and allowed to dry
rapidly. Filters containing the various diluted nanoparticle sam-
ples were stored in glass Petri dishes treated for antistatic using
Zerostat (Z108812-1EA, Zerostat antistatic instrument, Sigma-
Aldrich) at room temperature until analyzed by SEM. SEM micro-
graphs of nylon filters containing various nanoparticle dispersion
samples were obtained using the Phenom Tabletop SEM (Phenom-
World NA, Inc, Beaverton, OR). Briefly, nylon filters were
mounted onto metal stubs using double-backed adhesive
carbon tape. The immobilized filter on the stubs was placed in
the sample holder and the height adjusted so that the top of the
filter was ~2 mm below the holder's surface. The holder was
placed in the Phenom and loaded automatically. At the low
magnification, our detection limit is 100 nm without carbon
coating; with carbon coating, the vendor specifies the lower size
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limit as 30 nm. Magnification, focus, brightness/contrast, sam-
ple position, and image gathering were carried out by the use of
an integrated touch screen and rotary adjustment knob accord-
ing to the manufacturer's instructions.

One-Dimensional Gel Electrophoresis. To determine the proteins
adsorbed onto the surface of the TiO, nanoparticles in each
treatment medium, SDS-PAGE gel electrophoresis of the nano-
particles in each treatment medium, along with the treatment
medium alone, was performed as described previously, with
some modifications.'*'>*85¢ TiQ, nanoparticles were diluted in
each treatment medium (KB, DM, and KF) at 1 mg/mL and
sonicated as described previously. After incubation for 24 h,
1 mL of each suspension was transferred to a separate tube and
centrifuged at 12000g for 15 min. The supernatant was aspi-
rated, and the remaining pellets were washed with PBS and
centrifuged again. After the supernatant was removed, the TiO,
nanoparticles and equal volumes of each treatment medium
were mixed with 2X Protein Gel Loading Buffer (Fisher Scientific)
and heated at 95 °C for 10 min. All samples (treatment medium
alone and TiO, nanoparticles in each treatment medium) were
loaded onto 8—16% SDS-PAGE 1D gels (Thermo Scientific) along
with a Fermentas PageRuler Plus protein ladder (Thermo Scientific),
and a constant voltage of 125 V for 45 min was applied. The gel
was fixed with water for 15 min, stained using Gel Code Blue Stain
(Thermo Scientific) for 3 h, followed by destaining with water for
~1 h. Gel images were taken using a Gel Logic 2200 Pro imager
and analyzed with Ml SE 534 program (Carestream Health,
Rochester, NY). Three independent experiments were performed
to ensure reproducibility. A representative gel is shown in Supple-
mental Figure 5.

Cell Treatment. Cells at 5.0 x 10* cells/cm? were seeded in
T-25 flasks, incubated for 48 h and then treated for 24 h with
nanoparticles. For these treatments, the new nanoparticle
preparations (KB, DM, and KF) were diluted 1:10 in KGM to
provide concentrations of 0, 10, 20 (except for the comet assay),
50,and 100 4g/mL TiO,. For the MN assay, the cells were treated
at ~60% confluence to ensure growth-phase characteristics,
and fresh medium was added with the cytochalasin B treat-
ment. For the comet assay, the cells were treated at ~80%
confluence.

Cell Line and Cell Culture. BEAS-2B (ATCC), a human bronchial
epithelial cell line, was maintained in serum-free keratinocyte
basal medium (KBM, Lonza) supplemented with KGM Single-
Quots (Lonza) and used at passages 45—60. BEAS-2B cells were
infected with a 12-SV40 adenovirus hybrid and cloned (ATCC).
Cells were seeded in T-25 tissue culture flasks at a cell density of
5 x 10* cells/cm? and incubated in a fully humidified atmo-
sphere at 37 °C with 5% CO,. The cells were subcultured every
3—4 days or when they reached 85—90% confluency using
HBSS (Lonza), Versene (Invitrogen), TrypLE (Invitrogen), and tryp-
sin neutralizing solution (Lonza). Cells were centrifuged at 135¢ for
5 min, the supernatant was aspirated, and the cell pellet was
resuspended in fresh medium and brought to a concentration of
5 x 10* cells/cm? The cytochalasin B was dissolved in PBS at 1 mg/
mL. For the comet assay, SYBR-Gold was purchased from Molec-
ular Probes (Eugene, OR) and diluted 1:200 in 1x TE buffer.

Live/Dead Assay. Calcein-AM and propidium iodide were pur-
chased from Invitrogen (Carlsbad, CA). After cells were incu-
bated in TiO, in appropriate medium for 24 h in 25 cm? flasks,
the medium was aspirated and replaced with fresh medium
containing calcein-AM (Invitrogen) and propidium iodide
(Invitrogen) at a concentration of 1 ug/mL and placed in a
humidified incubator at 37 °C and 5% CO, for 1 h. Images were
taken of each concentration with WASABI imaging software
(Hamamatsu) using an ORCA-ER camera (Hamamatsu) and a
phase objective (Nikon, Plan 10, NA = 0.3), Nikon Diaphot 300
microscope with DAPI and FITC filters. Pictures were evaluated
using a scoring grid placed on the captured images. Approxi-
mately 200 cells were counted in both live (calcein™) and dead
(propidium iodide™) images (Supplemental Figure 6B). Live/
dead experiments were performed as three independent 24 h
exposures for each treatment medium.

Trypan Blue Dye Exdusion Assay. Trypan blue was purchased
from Sigma-Aldrich, and the trypan blue dye exclusion assay
was performed to measure the percent viable cells.®” Briefly,
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after treatment, the cells were trypsinized, and 0.1 mL of the
whole cell suspension was removed and placed in 0.5 mL of
trypan blue and 0.4 mL of sterile PBS at a ratio of 1:10 for each
treatment concentration. Counts were performed with a hemo-
cytometer where unstained cells were alive, and those that were
stained blue were considered dead. Trypan blue experiments
were performed as three independent 24 h exposures for each
treatment medium (Supplemental Figure 7).

Flow Cytometry. To determine cellular uptake by flow cyto-
metry, the method of Zucker et al.3?33 was used. Briefly, BEAS-2B
cells were plated in 20 T-25 flasks (1 x 10° cells/mL, 5 mL/flask)
and incubated for 48 h. After incubation, 10, 20, 50, and 100 xg/mL
of TiO, nanoparticles was prepared by sonication in three
different media (KF, KB, and DM) as described previously. The
medium in each flask was replaced with 5 mL of nano-TiO,
suspension. Each flask received treatment of TiO, nanoparticles,
and one control flask received only fresh medium. Following
24 h exposure, cells were trypsinized, centrifuged at 135g for
10 min, resuspended in 0.5 mL of medium, and put directly on
ice. Cellular uptake of TiO, nanoparticles was assessed in three
independent experiments.

A BD FACSCalibur (BD Biosciences, San Jose, CA) flow
cytometer containing a 488 nm laser, forward-scatter (FSC)
diode detector, and photomultiplier tube side-scatter (SSC)
detector was used in this study. Prior to each experiment, the
instrument was checked for functionality and performance
using Duke 3.0 um alignment beads.”**" The instrument
yielded coefficient of variation values below 2% on all fluores-
cence channels at low flow rates with Duke 3.0 um alignment
beads. The cytometer was set up to measure SSC logarithmically
and FSC linearly. Most of the dynamic ranges of the scales were
used to optimize the changes with the different concentrations.
The highest concentration of nanoparticles was run first to set
the range for the maximum SSC signal and the minimum FSC
signal. The treated values were normalized to control values and
expressed as percent increase.

Microscopy. Dark-field microscopy has been used by us and
others to visualize nanoparticle uptake into cells.3>*341=47 The
cells in Figure 2C were spun onto a slide using a Shannon
CytoSpin centrifuge at 40g for 5 min, fixed with 100% methanol,
and stained with 40 ug/mL acridine orange for 60 s. A Nikon
E-800 microscope was used to observe dark-field and fluores-
cence images. The fluorescence excitation cubes consisted of
FITC and TRITC. However, the dark-field image was so bright
that it could be observed through either of the filter cubes. The
dark field was ~100 times brighter than the fluorescence image
as measured by exposure times. The combination of fluores-
cence and dark-field images was made sequentially with Nikon
Elements software. Colocalization was checked and measured
with 0.5 um Tetra spec beads (Molecular Probes, Eugene, OR),
and there was minimal distortion. A xenon light supply was
used to optimize the shorter wavelength excitation that pro-
vided for better resolution for the dark-field image. A GG420
filter was put in the eyepieces to protect the user's eyes from
possible UV damage from the xenon light source.

The most suitable Nikon lens when using a Nikon infinity-
corrected microscope was a 60x Plan Fluor with an iris diaphragm
to control the numerical aperture (NA) between 0.55 and 1.25. The
lens had a sufficiently large magnification to observe cellular details
and the background scatter, which could be controlled by adjust-
ing the diaphragm. During the course of this study, the dark-field
images were obtained using the following dry lenses, Plan Apo 20x
(NA 0.75), and the following oil lenses, 20x multi-immersion (MI, NA
0.75), and 60x Plan Fluor with iris (NA 1.25—0.55).

Comet Assay. The comet assay was performed as described
previously.®® After treatment, the cells were trypsinized and
kept on ice throughout the duration of the slide preparation. All
nanoparticle concentrations examined resulted in cell viabilities
above 80%. Briefly, 10 uL of cells at 10° cells/mL (approximately
10000 cells) was added to 190 uL of 0.53% low-melting-point
agarose (LMP), and 90 uL was placed on two slides and covered
by a 24 x 50 mm coverslip and placed on ice. After the agarose
had solidified, the coverslip was removed, and another 90 uL of
LMP was added, and a coverslip was placed on top. The cover-
slip was removed again, and the slides were placed in 4 °C lysis
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buffer (5 M NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100,
pH 10.0) overnight at 4 °C. Following lysis, slides were rinsed with
cold water and immersed in 4 °C denaturing electrophoresis
buffer (300 mM NaOH, 1 mM EDTA) for 40 min. Electrophoresis was
performed in cold buffer (pH >13) for 20 min at 25 V (1.33 V/cm)
and 300 mA. Then the slides were immersed in neutralizing buffer
(0.4 M Tris-HCl, pH 7.5) for 15 min, dehydrated in 95% ethanol for
3 min, and allowed to air-dry.

After drying, slides were stained with 5X SYBR-Gold and
viewed using fluorescence microscopy. Images were collected
using the 25 x objective (Plan Fluor 25 x, Nikon Microphot FXA),
a Nikon B-2H filter, and an ORCA CCD camera (Hamamatsu)
connected to a personal computer. Images were analyzed using
Komet version 5.5 (Andor Technology, Morrisville, NC); 50
images per slide and two slides per concentration were ana-
lyzed in each experiment. Slides were coded before analysis so
that the scorer had no knowledge of the treatment when
obtaining the data. Data were expressed as the mean + SD of
three independent experiments for each treatment medium
and concentration tested. A representative image of unda-
maged and damaged cells is shown in Supplemental Figure 9.

Cytokinesis-Blocked MN Assay with Acridine Orange Staining. The MN
assay with acridine orange staining was performed as described
previously.®® Cells treated with TiO, nanoparticles for 24 h and
then 5 ug/mL of cytochalasin B for 18 h were resuspended in
PBS at a density of 2 x 10° cells/mL. The cells from 75 uL of cell
suspension were deposited onto precleaned slides using a
Shannon CytoSpin centrifuge at 40g for 5 min. Slides were air-
dried, fixed in 100% methanol for 10 min, and stored at 20 °C.

Slides were stained in acridine orange diluted to 40 ug/mL
in a 0.02 M phosphate buffer (pH 7.4) for 30—45 s and washed
twice with distilled water. A 24 x 55 cm cover glass was
mounted using Sorenson's buffer (70 mL of 0.1 M NaHPO,
and 30 mL of 0.1 M KH,PO,, pH 7.4). Slides were scored blindly
using a microscope (Nikon Microphot FXA), dual band-pass filter
(TRITC/FITC), and 20 x objective (Plan Fluor). We examined 1000
binucleated cells and scored for the presence of MN for each
exposure. Scoring criteria followed the recommendations of
Fenech et al.”® Additionally, the CBPI was calculated for deter-
mination of cytostasis and as a marker of cyto‘coxicity.71 Two
independent experiments were conducted for all concentra-
tions in all three treatment media.

Cell Cycle. For cell-cycle analysis, BEAS-2B cells were treated
with TiO, nanoparticles for 24 h in the three different treatment
media (KF, KB, and DM), trypsinized, and placed on ice as
described above. Cells were then prepared for flow cytometry
analysis by incubating them for 15 min at 37 °C with a 1:2
dilution in 0.5% NP-40 nonionic detergent that was made up in
PBS without Ca®* and Mg*™. The cells were then stained with
propidium iodide (20 ug/mL, Molecular Probes, Eugene OR).
The flow cytometer was set to measure nuclei using DNA FL2H
(585/42) as the detection trigger. Nuclei subpopulations were
analyzed using MultiCycle (Phoenix Flow Systems, San Diego,
CA) that was incorporated into FCS express 4.0 (Denovo, Los
Angeles, CA) analysis software. The percentages of cells in G1, S,
and G2/M phases for all concentrations in each treatment
medium were calculated from histograms using the area para-
meter. Two independent experiments were performed and
expressed as mean £+ SD (Figure 6), and a representative
experiment is shown in Supplemental Table 3.

Statistical Analyses. For statistical analyses, n equaled the num-
ber of replicate experiments, and results are presented as the
mean =+ SD. Statistical analyses were carried out by using a one-
tailed analysis of variance (ANOVA), where appropriate, followed
by Fisher's protected least-significant-difference test for post-hoc
comparisons to determine if the experimental treatments pro-
duced differences among each other or from the controls. Results
were considered statistically significant if p < 0.05.

In addition, for the comet assay, a linear model was used to
compare the slopes of the three regression lines (each treatment
medium) for the induced DNA damage versus the square root of
the concentration after a preliminary analysis for a best-fit model.
The induced DNA damage (i.e., % tail DNA of each treated
concentration minus mean % tail DNA for the concurrent
controls) was used as a measure of damage to normalize the
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data because each replicate experiment was done at a different
time. The slopes of the regression lines were compared assuming
a common Y-intercept set to zero using Statgraphics Centurion XVI
version 16.1.05 (Statpoint Technologies, Inc,, Warranton, VA). For
the MN assay, simple linear regression analyses were performed
with StatGraphics Centurion XVI for each concentration—response
curve for each medium. For the two independent cell-cycle
experiments for each medium, linear regression analysis was
performed similar to that done by Potter et al.”>”> but only on
the change in percentage of cells in S phase. If p < 0.05, then the
regression was deemed significant, and the medium caused an
effect on cell cycle.
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