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Abstract

Mammalian cells take up nanoparticles (NPs) and some NPs increase ROS. We use imaging and
measure ROS in parallel to evaluate NP-cell interactions with type I-like alveolar epithelial cells
exposed to NPs at 1.2 pg/cm? . Titanium dioxide (Ti0,), gold (Au), silver (Ag), and manganese (Mn)
were internalized by R3-1 cells; copper (Cu) NPs were observed at the cell surface only. TiO, and
Au did not increase cell death but Mn and Cu did, with surviving cells recovering after initial Cu
exposure. Ag NPs caused 80% of R3-1 cells to lift off the slides within one hour. Amplex Red was
used to report H,O, production after exposure to 0.4 ug/cm? TiO,, Au, Cu, Mn and Ag. TiO,, Au,
and Ag caused no significant increase in H,O, while Cu and Mn increased H,O,. NPs that give up
electrons, increase ROS production and cause cell death in R3-1 cells.

1. Introduction

NPs of many types are increasingly being used for diverse purposes. Titanium dioxide
(TiO5) NPs, for example, are used in making paint and in sun block lotion/spray; Gold (Au)
NPs are tested for delivery of genes, drugs and vaccines [1] and also as an x-ray contrast agent
[2]; Silver (Ag) NPs are used in photography, as bactericidal agents [3] and becoming more
widespread in medical related applications; and Manganese (Mn) NPs and other paramagnetic
NPs have been suggested for use as contrast agents in magnetic resonance imaging [4]. There
are an increasing number of engineered NPs being made, as well as those produced as by-
products of manufacture of other goods. A characteristic that makes NP very useful in new
applications is their size. The nanometer size often makes their chemistry, physical and
functional properties quite different from those of the same element in solution or of the same
element in much larger particles. These unusual properties may render NPs toxic to living cells
and organisms.

Some NPs have been reported to generate production of reactive oxygen species (ROS) in cells
and ROS production and cellular uptake of NPs are active areas of investigation. ROS are
produced in all living cells, the majority at specific locations in the mitochondrial electron
transport chain (ETC), such as complexes | and 111 and some agents such as Ca%* have been
reported to increase ROS production [5,6]. NP uptake into mammalian cells and mitochondria
has been documented [7-9] and we are interested in visualizing how metal and metal oxide
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NPs in the size range between 20 and 50 nm enter cells and in what time frame. Did the NPs
show similar distribution within cells and was the mode of entry similar? We were also
interested in the characteristics of NPs that produce ROS in cells. Did the same NPs produce
ROS in cell free media or do the cells drive the ROS production? We hypothesized that the
presence of certain NPs would increase cellular ROS from two distinct sources. The first ROS
source, as mentioned above, is the mitochondrial ETC and the second ROS source is oxidation
of NPs, inducing the NPs to give up electrons. The evidence indicates that in the case of Cu
and Mn the later process is dominant. Further, the ROS production by Cuand Mn NPs correlates
with increased cell morphology related to cell death in R3-1 cells.

We have studied NPs of low cyto toxicity (Au {~20 nm} and TiO, {~25 nm}), NPs which are
more reactive (Mn {~40 nm} and Cu {~40 and ~60 nm}) [9], and a NP that is known to kill
bacteria (Ag {~39 nm}) [10]. The determination of NP concentration and cell exposure time
for these studies was based on preliminary tests of R3-1 cell tolerance as well as having a
sufficient NP concentration to allow particle visualization by transmission electron microscopy
(TEM).

Concentrations of NPs were lower for ROS measurements. A common route of exposure to
NPs is via the respiratory tract, ~95% of the alveolar epithelium is comprised of type | cells
but studies to date have generally not focused on the entry and localisation of NPs inside this
cell type. In order to understand NP-cell interactions in the lung our studies were all conducted
in R3-1 cells, which are type | alveolar epithelial cells [11]. The goals of this study are to
determine the period of time it takes NPs to get into R3-1 cells, to determine which NPs localize
to mitochondria or other cell organelles, and to determine if the presence of NPs in the cell
increases ROS.

2. Materials and Methods
2.1 Cell Culture

R3-1 cells were cultured in F-12 media (Invitrogen) supplemented with 10% FBS and
penicillin/streptomycin at 37°C in 5% CO,.

2.1.1 Visualization of cell nuclei—HOECHST 33342, a cell membrane permeant, minor
groove-binding blue fluorescent DNA stain was used to label live R3-1 cells. Triplicate random
fields of view (FOV) were chosen, counting 100 cells per FOV and differentiating normal vs.
condensed nuclei. The triplicate FOV were averaged for each sample total to get % condensed
nuclei observed.

2.2 Isolation of mitochondria

Rat liver mitochondria were prepared as described in Wingrove and Gunter 1986 [12].

2.3 NPs and Dosing

Cells were dosed when 80% confluent with: TiO, ~25 nm, from Degussa, Dusseldorf Germany;
Mn and Mn oxide (Mn2* and Mn3*) ~ 40 nm, generated from manganese rods in the PALAS
spark generator URMC, Rochester NY; Au~20 nm, Colloid from BBI International, Lakewood
CA,; Ag suspension ~39 nm from Applied Nanoscience, Carlsbad, CA; Cu ~40 nm and ~60
nm from Nanotechnologies, Austin TX. Dosing of all particles was based on mass of particles
per available surface area on growth dishes (1.2 pg/cm? is ~3-6 pg/ml in cell media depending
on the dish size for TEM studies and 0.4 ug/cm? is ~1 ug/ml in cell media in T-25 flasks for
the Amplex Red assay).
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2.3.1 Generation of Mn oxide—We generated Mn oxide particles via electric arc discharge
(Palas GmbH, Karlsruhe, Germany) in an argon-filled chamber between two opposing Mn rods
(purity 99.95%; Electronic Space Products International, Ashland OR). Oxygen was
introduced into the generator (20mL/min) to ensure the formation of metal oxide mixture.
Electron-energy loss spectroscopy results indicate of the oxidized Mn; ~60% is Mn2* and
~40% is Mn3*,

2.3.2 Sonication Protocol (cell culture experiments)—Each type of NP was sonicated
as a stock solution at 200 pg/ml in media with no FBS for 10 minutes, pulse at 50% duty (~10
watts/pulse) with a Branson Sonifier Model200 probe sonicator, Danbury, CT. Immediately
after sonication, FBS was added to the sonicated solution at 10% of volume. The stock solution
was diluted as required into a full set of media for the entire experiment set and then NP media
was applied to the cell monolayer. Cells were incubated at 37°C with 5% CO, in NP media
for the planned experiment.

2.3.3 Sonication Protocol (H,O, production experiments)—Each type of NP was
sonicated as a stock solution at 100 pg/ml in distilled water for 10 minutes, pulse at 50% duty
(~10 watts/pulse) with a Branson Sonifier Model200 probe sonicator, Danbury, CT. The stock
solution was diluted with PBS and then PBS containing NPs was applied to cell monolayer.
Cells were kept at 37°C, with PBS containing NPs.

2.4 Transmission Electron Microscopy (TEM) and Elemental Analysis (EDS)

R3-1 cells were plated on chamber slides and grown to 70-80% conflucency. The cells were
exposed to NPs in their culture media at 37°C. The culture media was removed at timed
intervals and replaced with 0.1M sodium phosphate buffered 2.5% glutaraldehyde for fixation
overnight at 4°C. The slides were rinsed in 2 changes of 0.1M sodium phosphate buffer, post-
fixed in 1.0% osmium tetroxide (same buffer), dehydrated through a graded series of ethanol
to 100%, transitioned into propylene oxide and infiltrated with Spurr epoxy resin overnight.
The next day size 3 BEEM capsules were filled with fresh Spurr resin and inverted and placed
over the cells on the slides. The slides were polymerized overnight at 70°C and the next day
were dipped several times in liquid nitrogen to break the surface tension between the glass and
the polymerized epoxy capsules until the capsules “popped off” the glass slide. The capsules
with the entrapped cells were trimmed to an area with the most cells for thin sectioning with
adiamond knife. The sections were placed onto 200 mesh carbon coated copper grids and were
not stained with heavy metals to prevent contamination with stain precipitates. The grids were
examined using the URMC EM Core Facility’s Hitachi 7100 and an analytical Hitachi 7650
transmission electron microscope with an attached Electron Dispersive X-Ray Spectrometer
(EDS) for elemental analysis. A subset of grids were examined at the University of Minnesota’s
Institute of Technology and Mechanical Engineering’s Characterization Facility using a FEI
Technai G2/F30 Field Emission Transmission Electron Microscope with an attached EDS
(EDX) at 300kv for elemental detection of “suspect” NPs within mitochondria.

2.5 Measurement of H,O, production in R3-1 cells

R3-1 cells were grown to 80% confluency in T-25 flasks, growth media removed and cells
rinsed with PBS then 20.587 ml of fresh PBS was added to each flask as well as 63 ul of 1 mM
amplex red (in DMSO), 140 pl of 100 units/ml horse radish peroxidase (HRP)in water and 210
pl of 100 pg/ml PBS NP sonicated stock solution. Three ml samples were placed in a cuvette
with the excitation and emission settings: EX: 566nm, EM:587nm. Measurements were carried
out in a Photon Technology International (PTI) spectrometer by exciting amplex red and
reading its emission. The cuvette was kept at 37°C during measurements. Samples of the PBS/
AMPLEX RED/HRP solution were taken from each flask at 0,2,5,10,15 and 20 min time points
preliminarily, reported data is from the 20-minute time point.
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Of the metal/metal oxide NPs studied, all except Cu NPs entered R3-1 cells and are seen in the
cytoplasm as well as in large numbers in lysosomes within minutes to hours of exposure. Ag
NPs were widely distributed throughout the R3-1 cells within minutes.

The result of exposure of R3-1 cells to 1.2 pg/cm? (~4 pug/ml) PALAS-generated (see materials
and methods) Mn oxide NPs of approximately 40 nm average diameter were mainly localized
to lysosomes in R3-1 cells. Panels A and B of figure 1 display uptake of Mn NPs into lysosomes
resulting in hyper activated lysosomes, termed heterolysosomes in 48 hours. Panel C of figure
1 shows an occasional Mn particle present inside a mitochondrion. The elemental content of
one particular NP was verified by electron dispersive X-ray spectrometry (EDS - see materials
and methods).

At 72 hours, more than 50% of the cells show morphological signs of cell death such as
heterochromatin condensation, distorted nuclei, and whole cell condensation. A sample field
of view is shown in figure 2.

Results after 24-72 hours exposure to 1.2 ug/cm? 20 nm Au NPs are shown in figure 3 and
figure 4. The Au particles are electron dense and found singly and as agglomerates in the
cytosol, lysosomes and mitochondria, of exposed R3-1 cells. Panels A and B demonstrate
particle distribution throughout the cytoplasm and in lysosomes, while panel C shows Au NPs
in mitochondria. The Au particles, inside the R3-1 cells, were verified using EDS. Lack of
cellular response to longer incubations (72 hours) with Au is shown in figure 4. The R3-1 cells
thrive in the presence of Au NPs with no visible cell death even when cultured for several days.
The representative R3-1 cell shown in figure 4 gives no evidence of activation of lysosomes
although the cell has taken up many Au NPs. There is no indication of chromatin condensation
or any other cell morphology related to apoptosis after Au exposure.

After 24-hour exposure to 1.2 pg/cm? 25 nm TiO, NPs, R3-1 cells appear very similar to the
Au treated cells. Panels A and B of figure 5 show particle agglomerates both in the cytoplasm
and in lysosomes, while Panel C shows a TiO, NP inside a mitochondrion. As with the Au
NPs, the TiO, NPs are found numerously and as agglomerates within these cells.

The results of exposure of R3-1 cells to TiO, NPs for 48 hours are shown in figure 6. Lysosomes
display little to mild activation and there is no indication of chromatin condensation or other
cell morphology related to apoptosis at any time point, similar to the R3-1 cell response to 20
nm Au particle exposure. The TiO, particles were verified in these R3-1 cells using EDS.

The R3-1 cells respond to 1.2 ug/cm? 40 nm Cu NPs quite differently. We have observed that
Cu NPs disappear from the culture media within hours (data not shown) due to dissolution.
They are non-detectable by TEM inside the cells even just minutes after exposure, in contrast
to Au, TiO,, and Mn NPs which can easily be detected as single particles and agglomerates
within hours up to several days. On occasion, small numbers of Cu NPs can be detected outside,
between, or at the surface of R3-1 cells at very short time points (minutes) as seen in panel D
of figure 7. Interestingly, Cu NPs disappeared more rapidly in cellular suspensions than they
do in media alone.

Also ondisplay in figure 7, R3-1 cells exposed to Cu NPs rapidly degenerate at the cell surface,
exhibiting small cytoplasmic vesicle formation (see panel A, figure 7) and blebbing/rupture of
the plasma membrane (panels B and C, figure 7) within minutes of Cu exposure. When Cu
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NPs were dissolved in media for 48 hours prior to exposure no cellular damage was observed
as shown in table 1.

R3-1 cells in media were exposed to fresh Cu NPs and moderate activation of lysosomes was
observed along with the appearance of unaffected mitochondria in the cytoplasm. More than
50% of these cells died within 24 hours of Cu exposure; figure 8 shows an increase in condensed
nuclei by 3 hours post Cu exposure.

By 44 hours, the cell preparations recovered from the Cu NP exposure and began to proliferate.
These “recovered” cells appeared to have normal nuclei, shown in figure 9.

R3-1 cells were also exposed to 1.2 ug/cm? Ag NPs. Observations were made at 12, 20 and
30 minutes after exposure because the cells became detached and were not visible on the slides
after one hour of Ag exposure. Electron dense particles (less than 20 nm) were evenly
distributed as individual particles inside the R3-1 cells, which were observed in filipodia, the
cytosol, mitochondria and the cell nucleus. Figure 10 shows Ag particles in the cytosol, in the
nucleus and in the nuclear membrane 30 minutes after Ag exposure. Numerous elongated
mitochondria were also observed in many R3-1 cells 30 minutes after Ag exposure, as
represented in figure 11.

The Ag particles were significantly smaller than the documented average size of ~40 nm (see
figure 12). We could not confirm the silver content of the particles with EDS due to poor
sensitivity (individual particles too small and non-agglomerated). However, the cells were
treated only with Ag and the electron dense particles have the appearance expected of Ag NPs
in comparison to TEM grids with the same Ag particles applied in cell media (no cells) after
sonication. The Ag particles in cell media alone were aggregated on the TEM grids and range
in size from the small size observed inside the R3-1 cells (9-18 nm) up to 60-70 nm, which
were not observed at 12, 20 or 30 minutes inside or outside the R3-1 cells by TEM.

3.2 ROS Production

Production of reactive oxygen species (ROS) in R3-1 cells following exposure to the NPs
discussed previously was measured using the Amplex Red assay (see figure 13). The
concentration of the NPs was lower than that used previously for our TEM studies. The figure
13 graph represents separate experiments all done in triplicate for most NPs. This assay
primarily measures H,O,. The advantage of measuring HoO5 is that it is membrane permeable
while super oxide, the initial product of the mitochondrial electron transport chain and other
producers of ROS, are not. Super oxide is converted to H,O, by super oxide dismutase (SOD)
inside the mitochondria (MnSOD) and also in the cytoplasm (Cu, Zn SOD). The results shown
infigure 13 demonstrate that there is no increase in HoO, production over control after exposure
of R3-1 cells to 0.4 pg/cm? Au, TiO,, or Ag NPs. There is a statistically significant increase
in H,0, production in R3-1 cells exposed to 0.4 pg/cm? Mn NPs. It has been demonstrated
clearly that when the cells are exposed to Au, TiO,, or Mn NPs, the NPs enter the cells and
are found in the cytoplasm and in organelles. Therefore, mitochondria in R3-1 cells are directly
exposed to these NPs. Preliminary tests exposing isolated liver mitochondria to the same NPs
in suspension media show H,0O, production trends similar to those seen in R3-1 cells. There
is no increase in HyO5 production by exposure of isolated mitochondria to either Au or TiO,
NPs; however, there is a significant increase in HoO, production when mitochondria alone are
exposed to Mn NPs (data not shown).

H,0, production in R3-1 cells is increased even more in the presence of 0.4 pg/cm? Cu NPs
(figure 13); however, the characteristics differ from those observed with Mn NPs. In the Cu
case, there is a greater rate of production of H,O, early in the exposure period in the same time
range that the NPs are dissolving. This H,O, production can be seen in media alone in the
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absence of either R3-1 cells or mitochondria; however, the H,O, production is greater in the
presence of the R3-1 cells. We have associated this ROS production with the following redox
equations:

Cu(s)=Ct’* +2e~ AE=-0337V ()

O0>+2H"+2¢ =H,0; AE=+0.682V 2)

Cu(s)+02+2H = Cu**+H,0,
AE =+0.345V
orAG =-66.57 kjoules/mole 3)

These equations indicate that oxidation of Cu(s) to Cu?* is energetically favorable along with
a coupled production of H,O, from O, and H* ions [13].

4. Discussion

Au, TiO, and Mn NPs are readily taken up by R3-1 cells in a matter of hours. In each case, the
NPs are found both as agglomerates and as single particles in lysosomes, the cell cytoplasm,
and occasionally a NP is found inside a mitochondrion. The Cu NPs, on the other hand, are
not found inside the cell cytoplasm or in the lysosomal compartment. Very likely, this is
because the Cu NPs dissolve rapidly over the time frame of the uptake experiments. Finding
a large percentage of the Au, TiO, and Mn NPs inside lysosomes suggests that these NPs get
into the cellular endosomal system, since late endosomes are thought to merge with the
lysosomal system [14]. In the case of uptake of Au and TiO5 NPs, there is no indication that
the NPs get into the cytoplasm by rupturing the lysosomes, since the lysosomes generally have
a non-active appearance. Heterolysosomes, as defined morphologically, are activated by
uptake of Mn NPs; nevertheless, the distribution of the Mn NPs is very similar to that seen
with Au and TiO NPs, suggesting a common mechanism of entry into lysosomes.

Ag NPs appear to enter the cells by a different yet undefined mechanism. They are evenly
dispersed widely throughout R3-1 cells in a matter of minutes, appearing in the nucleus in as
little as 12 minutes. Interestingly, the particles that get in are small compared to the primary
particle size and are smaller than the functional diameter of the nuclear pore complex of ~39
nm. Our sonication method does not change the particle size based on observations of the same
Ag particles on TEM grids after sonication with no cells present. This may indicate that only
very small Ag particles get into the R3-1 cells and that the smaller Ag NPs rapidly traverse
membranes. It might also suggest that Ag dissolution in cell media and in the presence of the
cell membranes contributes to the reduction in particle size even at short times (12—-30 minutes).
The presence of the tiny particles in the nucleus may contribute in some yet undescribed way
to the rapid and very potent cell death caused by Ag NPs. Greater than 80% of the R3-1 cells
detach from the slides within one hour of Ag exposure.

All of the NP types, except Cu, are occasionally found in mitochondria. They appear not to be
restricted to the mitochondrial intermembrane space, but also to be found inside the matrix.
While the literature contains suggestions of transfer of components between endosomes and
mitochondria [15], the NPs should have been found in the mitochondrial intermembrane space
if this process had occurred. Furthermore, it is likely that many more NPs would be found in
mitochondria since large numbers of NPs are transferred to lysosomes. Mitochondria are
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dynamic structures, moving within the cell while undergoing fusion and fission [5,16,17].
Based on our observations, we suggest it more likely that NPs are occasionally seen inside
mitochondria because they were on the edge of a mitochondrion just before it fused to another,
thus trapping the NP inside the resultant fused structure.

The mitochondrial electron transport chain is the largest source of ROS in mammalian cells,
with most being produced as super oxide at complexes I and 111 [5]. The super oxide is converted
to H,0, by intramitochondrial Mn super oxide dismutase. Mitochondrial uptake of Ca?* has
been reported to increase ROS production; however, several possible mechanisms for this have
been proposed and the exact mechanism by which it occurs is not apparent [5]. We have found
that both Mn2* and Mn NPs increase ROS production by mitochondria. Mn2* generally binds
to Ca* binding sites with an affinity greater than that of Ca?* [18], so it may be that the
increased ROS observed after Mn2* uptake by mitochondria represents an effect similar to that
seen with Ca%*. However, almost all of the Mn NPs are outside the mitochondria and the
mechanism by which this increases ROS production is not clear. One possibility is that Mn
ions leach from the particles over time increasing local Mn concentrations and the soluble Mn
contributes to the damage and death observed in cells which have sequestered Mn NPs.

While Au, TiO,, and Mn NPs were all found inside lysosomes after uptake by the cell, only
the Mn NPs led to the appearance of heterolysosomes. This is likely to be an effect distinct
from that of the NPs on the mitochondria. It is possible that this is caused by H,O, production
inside the lysosome due to Mn NP dissolution enhanced by the acidity of the lysosome [19].
While Mn NPs did not dissolve rapidly in normal cell media, the acidic environment of the
lysosome drives production of H,O, according to equations for Mn similar to those shown
previously for Cu in equation 3:

Mn+0,+2H*=Mn>*+H,0, AG=-330. 15 kjoules/mole 4)

This would contribute to an intracellular ROS increase. Similar equations for Ag and Au yield
significant positive changes of free energy, making the production of H,O, by oxidation of Au
and Ag NPs energetically unfavorable, even at low pH [13].

H,0, production by Mn NPs in our experiments was significantly greater than the increase
caused by dissolved MnZ*acting at the mitochondrial level; however, any dissolved Mn%*
released from lysosomes could be sequestered by mitochondria and contribute in an
independent way to the total ROS produced in or near the mitochondria. This is important
because ROS production in or near mitochondria has been shown to increase the probability
of induction of the mitochondrial permeability transition (MPT) and this has been shown to
induce apoptosis [20]. Clearly shown in figure 2 is an increase in condensed, distorted nuclei,
and R3-1 cell condensation, all morphological signs of apoptotic cell death. After 72 hours
PALAS Mn exposure it is likely there is high localized Mn concentration in the cytoplasm that
may be in close proximity to mitochondria due to dissolving Mn NPs which would promote
apoptosis via the MPT.

The process occurring with the Cu NPs was consistent with previous observations by our lab
that the presence of cells (R3-1 cells, HL60 cells, or red blood cell ghosts) increases the rate
of H,0, production (data not shown). It is believed that the concentration of O, is around 3
fold higher [21] in the membranes of cells than in the media bathing them (i.e. O, partitions
into the membrane phase); however, it is lower in mitochondrial membranes due to oxidative
phosphorylation. Dissolution of Cu particles causes alkalinization of the medium coupling
H»0, production with oxidation (data not shown). Furthermore, experimentally the addition
of 80 units of Mn super oxide dismutase (MnSOD) which would convert super oxide to
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H»0, does not increase the observed signal in our Amplex Red tests (data not shown),
suggesting the observed ROS were already in the H,O, form and were not formed by
conversion of super oxide. These observations support the hypothesis that oxidation of Cu and
any Cu*, which may be present in the NP, and dissolution of the NPs work together to drive
the consumption of protons and direct formation of H,O,.

Our use of H,0, specific Amplex Red indicates that H,O, production was not increased in
R3-1 cells exposed to Ag NPs. Other investigators have shown that Ag increases ROS
production using DCF-DA [22]. The type of Ag used (pure silver versus silver with carbon
coating), the concentration of Ag, the cell type specificities, and the assay being used to measure
ROS (DCF-DA versus Amplex Red) could all contribute to these observed inconsistencies in
ROS production.

There are many possible ways in which NPs and other toxicants damage cells. We have focused
these studies on cell morphology effects of NPs paired with redox reactions as summarized in
table 2.

We have found that where the free energy change for giving up electrons is negative, NPs
containing oxidizable components, such as neutral Cu, Cu™, or neutral Mn, can be induced to
give up electrons and form ROS. In the case of Cu, which dissolves readily, it is likely that the
Cu NPs, which can have different shapes and therefore many ways of associating with the cell
surface, are more easily oxidized when interacting with the cell because the cell membrane
contains higher O, concentration than the medium. Rapid dissolution of the particles while
passing electrons from Cu on to O, produces a high rate of H,O, production through which
the cell exterior is damaged. This seems to be what causes initial cell death upon Cu NP
exposure (60% by 22 hours shown in figure 9). The lack of morphological damage to the cell
interior is likely due to the fact that the Cu NPs dissolve so rapidly that they are not effectively
transported as particles into the cell interior. Mn, on the other hand, dissolves much more slowly
and like Au, TiO», and Ag, is found in lysosomes. With time, and exposure to the acidic lumen
of the lysosome, heterolysosomes are observed at 48 hours, followed by the morphological
evidence of cell death observed at 72 hours post Mn. In addition, dissolved Mn2*, sequestered
by mitochondria, like Ca2*, then increase ROS production by the mitochondrial ETC. This
could contribute to long-term damage to mitochondria and the observed changes in cell
morphology associated with apoptosis. Au, TiO,, and Ag NPs exposed cells do not show
morphology as evidence of redox-induced cell death.

Cuand Mn NP entry, localization and effect on cellular ROS production correlate with cellular
time-of-death in exposed R3-1 cells. Mn increases ROS, dissolution occurs in lysosomes and
Mn NPs cause R3-1 cell death over a period of days whereas Cu increases ROS, dissolution
is rapid at the cell surface, cell death is observed within hours and then the surviving R3-1 cells
recover over time. Future studies are required related to Cu exposure and upregulation of
antioxidants or other pro-survival mechanisms allowing some cells to adapt. Ag particles
rapidly enter these cells and cause immediate R3-1 cell detachment without significantly
increasing HoO» production in these experimental conditions. Still other particles like Au and
TiO, do not dissolve, accumulate inside the cells and do not cause the R3-1 cells to die. We
have used cell death as an end point in these studies in order to make sense of localization and
entry into this particular cell model. As observed by others previously [23], it is important to
relate uptake and ROS production findings with each particular NP type and to consider that
in vivo NP concentration may not be sufficient for cell death but in the absence of death, the
passage of NPs, or ions derived from NPs, through this cell type may be key to entry into the
circulation and beyond after inhalation exposure.
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Figure 1. R3-1 cells treated with 1.2 ug/cm2 PALAS Mn oxide (~40nm) for 48 hours

(A) and (B) show activated lysosomes in different R3-1 cells. Arrows indicate Mn particles.
(C) High resolution of a mitochondrion with Mn particle (bar bottom left = 100 nm). 43.3
Mn particle - verified by EDX (at bottom right) at the University of Minnesota, School of
Engineering.
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Figure 2.
R3-1 cells exposed to 1.2 pg/cm? PALAS Mn ~40nm for 72 hours. Double arrow above

indicates apoptotic nuclei in 2 cells in field; white line = 10 um Below - higher magnification
(white bar = 2um) shows cell in dashed box from above full of hyperactivated lysosomes.
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Figure 3. R3-1 cells treated with 1.2 ug/cm2 20 nm Au particles for 24-48 hours

Au verified by EDS.

(A) 24 hours - Arrows indicate Au particles in a lysosome and free in the cytosol in close
proximity to a mitochondrion; black line = 1 pm.

(B) 48 hours - magnified view of Au agglomerate free in the cytosol. Diameter across one Au
particle shown.

(C) 48 hours - Arrows indicate Au particles in mitochondria; black line = 1 pum.
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Figure 4. R3-1 cell treated with 1.2 ug/cm2 20 nm Au for 72 hours
Black particles seen throughout cell cytosol, Au verified by EDS; black line = 20 um.
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Figure 5. R3-1 cells treated with 1.2 ug/cm2 25 nm Ti0y for 24 hours
(A) and (B) two different cells at 24 hours; black line (B) =5 um. (C) Ti0, particles
agglomerate inside a cross section of a mitochondrion. Individual particle measurements

shown. TiO, verified by EDS.
Note: TiO, causes furrows in the diamond knife, producing the striations seen in images above.
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Figure 6. R3-1 cells treated with 1.2 ug/cm2 25 nm Ti0, for 48 hours
Lysosome containing particles is mildly activated compared to others in view. TiO, verified
by EDS; black line = 0.5 pum.
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Figure 7. R3-1 cells exposed to 1.2 uglcm2 Cu ~40 nm
(A), (B), (C) 3 min - vesicle formation & plasma membrane blebbing/rupture circled. (D) 5

min - Cu at plasma membrane, large arrow shows measurement at tip inside a vesicle, small
arrow/white line - measurement across particle; black line (B) =5 pm, (C) =2 um and (D) =
200 nm.
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Figure 8. R3-1 cells exposed to 1.2 pg/cm2 Cu ~40 nm
Nuclei visualized with HOECHST 33342.
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Figure 10. R3-1 cells exposed to 1.2 ug/cm2 Ag after 30 min

Top Left: Ag seen in cytosol and nucleus; white line = 1 um.

Top Right: Smallest square shows an electron dense particle in the nuclear membrane. Larger
squares: Dense particle in smallest box magnified, it is an agglomerate of two particles, too
large for nuclear pore of less than ~39 nm; white line =2 pm.

Bottom: Tangential section through nuclear membrane to obtain view of nuclear pores. Arrows
indicate electron dense particles inside nuclear pores; white line = 0.5 um.
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Figure 11.
Two examples of R3-1 cells containing elogated mitochondria after 30 minute exposure to 1.2
ug/em?2 Ag. White boxes indicate mitochondrial length. White lines (left corners) = 2 um.
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Figure 12. R3-1 cells exposed to 1.2 ug/cm2 Ag for 20 minutes
Magnification of cytoplasm of two R3-1 cells. Singlets shown in each panel. White line (left
corner) =100 nm.
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Figure 13. R3-1 cells in PBS, H2O5 production measured using amplex red over 20 min while cells
were exposed to various nanoparticles at 0.4 ug/cm2

Control, and Mn are n=4; Cu60 and TiO, n=3; Ag and Au n=1. p values based on student T
test are:

*p = less than 0.006 and # p= less than 0.0001.
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Table 1

VanWinkle et al.

Cu40 TEM
Particle Exposure | Visible Nuclei Dead
Type Time Particles | (TEM) Cells
Fresh Cu 40 1 hours suspect normal none
Fresh Cu 40 3 hours none apoptotic | yes
Fresh Cu 40 6 hours none apoptotic | yes
Fresh Cu 40 12 hours none apoptotic | yes
Dissolved Cu 40 | 1 hours none normal none
Dissolved Cu 40 | 3 hours none normal none
Dissolved Cu 40 | 6 hours none normal none
Dissolved Cu 40 | 12 hours none normal none
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