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Abstract

This study examines the biological effects of water-soluble fullerene aggregates in an effort to evaluate the fundamental
mechanisms that contribute to the cytotoxicity of a classic engineered nanomaterial. For this work we used a water-soluble fullerene
species, nano-Cg, a fullerene aggregate that readily forms when pristine Cg is added to water. Nano-Cgy was cytotoxic to human
dermal fibroblasts, human liver carcinoma cells (HepG2), and neuronal human astrocytes at doses =50 ppb (LCsq = 2-50 ppb,
depending on cell type) after 48 h exposure. This water-soluble nano-Cg, colloidal suspension disrupts normal cellular function
through lipid peroxidation; reactive oxygen species are responsible for the membrane damage. Cellular viability was determined
through live/dead staining and LDH release. DNA concentration and mitochondrial activity were not affected by the nano-Cg
inoculations to cells in culture. The integrity of cellular membrane was examined by monitoring the peroxy-radicals on the lipid
bilayer. Subsequently, glutathione production was measured to assess the cell’s reaction to membrane oxidation. The damage to cell
membranes was observed both with chemical assays, and confirmed physically by visualizing membrane permeability with high
molecular weight dyes. With the addition of an antioxidant, L-ascorbic acid, the oxidative damage and resultant toxicity of nano-Cg
was completely prevented.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Water-soluble fullerene systems are promising candi-
dates for many medical technologies and have been
proposed as crucial components for emerging electronic,
optical and mechanical materials [1,2]. Given the wide-
spread applications and their impending commercializa-
tion, both humans and environmental systems will be
increasingly exposed to materials like Cgp in the near
future; thus, early evaluations of their health effects are
valuable [3]. Previously, we have evaluated the differ-
ential cytotoxicity of a series of water-soluble fullerene
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species and concluded that changes in the fullerene cage
structure had substantial impact on in vitro cytotoxicity
[4]. As the number of hydroxyl or carboxyl groups on
the surface of the fullerene cage was increased,
cytotoxicity decreased over seven orders of mag-
nitude. The series of water-soluble fullerenes included
nano-Cyy, tris-malonic acid-Cgo (or Cs), Nas"5[Ce0O7_o
(OH)12_15](2_3)_, and Cgy(OH),4 Using two separate
methods, we determined that the nano-Cg, generated
substantially more reactive oxygen species (ROS) than
the other species under cell-free conditions. The ROS
generation monotonically decreased with increasing
derivatization of the fullerene cage. The dramatic
cytotoxicity observed for nano-Cg, warranted further
evaluation as presented here. Additional studies were
also conducted to probe the mechanisms governing the
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cytotoxicity of nano-Cg, and confirm the importance of
oxidation.

Water-soluble fullerene derivatives are most com-
monly formed by deliberate synthetic methodologies
and typically have altered cage chemistry and high
(>100 ppm) water solubility. In contrast, the nano-Cg
colloid investigated here is only sparingly soluble; it is
produced by the addition of organic soluble Cg, to water
[5-8]. The same substance is also found when solid Cg is
stirred in tap water for 2 months [9]. Because of its ease
of formation, and stability in water, nano-Cg is likely to
be an important form of Cgg in natural aqueous systems.

The full characterization of the nano-Cg, water
suspension is published in two separate reports [4,10].
Proof of the presence of Cgq in the aqueous suspension
include electron diffraction via cryo-TEM, chromato-
graphic profiles and signature spectroscopic peaks
identify the presence of Cgq in the aqueous solution. In
addition, microscopy images show the size, shape and
crystallinity of the Cgy colloids. While the method of
nano-Cg preparation may leave intercalated THF, mass
spectroscopy and liquid chromatography prove that
more than 90% by weight of the suspension is Cgp, i.e.
<10% of the suspension is residual solvent. Viability
controls confirm that this residual solvent does not
contribute to cell death or generation of ROS. The
structural of the nano-Cgq colloid consists of a pristine
Ceo core (of 10-1000 Cgy molecules, depending on size of
crystal) surrounded by a low derivatized Cgq layer that
forces the aggregate to be miscible in the aqueous phase.
The extent of the derivatization is 3 groups or less,
composed of either hydroxylated or oxidized fullerenes
(confirmed by nuclear magnetic resonance and Fourier
transform infrared spectroscopy). The negative surface
charge of the aggregate is further evidence of a
hydrophilic surface derivation. Because of this low
degree of derivatization, we cannot fully identify the
exact chemical composition of these groups.

Previous reports by Oberdorster suggest the brain and
liver of largemouth bass produce changes in glutathione
production once exposed to nano-Cgo. Therefore, we
hypothesize that the human cell lines hDF, Human liver
carcinoma cells (HepG2), and NHA might be affected
by nano-Cgy. More specifically, within these cell lines,
we concentrated on examining the effect of nano-Cgq on
the membrane of the cell, since we previously reported
that nano-Cg produces oxygen radicals in water.

2. Materials and methods

All chemicals were purchased through Sigma Aldrich at
highest purity unless otherwise stated and experiments were
performed minimally in triplicate. Data are presented as mean
+ standard deviation, and a student’s f-test was used to
determine significance.

2.1. Nano-Cgy preparation

Ceo was suspended in water using the method of Deguchi et
al. [7] Ce¢o (99.5%, MER Corporation), was dissolved in
tetrahydrofuran (THF, Fisher Scientific) at a concentration of
100 mg/L. The solution was sparged with nitrogen and stirred
overnight in the dark. The solution was then filtered through a
0.22 um nylon filter (Osmonics, Fisher Scientific). MilliQ water
was added to an equal volume of C¢y in THF at a rate of 1 L/
min. This solution was evaporated to eliminate the THF using
a rotary evaporator (Buchii). Mass spectroscopy of solvent
after this procedure finds no residual THF in solution. A 1L
mixture was evaporated to 450mL, refilled to 550 mL with
MilliQ water, and then again evaporated to 450mL. The
volume was adjusted to 550 mL again, and then evaporated to
500 mL. This final solution was stored overnight and then
filtered through a 0.22 um nylon filter to yield a suspension of
aggregated Cgp in water referred to as nano-Cgy. Cgo(OH)o4
was obtained from MER Corporation at 99.8% purity.

2.2. Cytotoxicity/viability

Human dermal fibroblasts (HDF) (Cambrex) were cultured
in Dulbecco’s Modification of Eagles Media (DMEM) with
10% fetal bovine serum and 2mm L-glutamine, 100 U/mL
penicillin, and 1 pg/mL and streptomycin. HepG2 (American
Type Culture Collection) were cultured in minimal essential
media (MEM) with 10% fetal bovine serum and 2mMm L-
glutamine, 100 U/mL penicillin, and 1 pg/mL and streptomy-
cin. Neuronal human astrocytes (NHA) (Cambrex) were
cultured in Astrocyte Basal Medium (ABMTM) derived from
MCBBI131 classical media with 10% fetal bovine serum and
1.5% rhEGF, 2.5% insulin, 1% ascorbic acid, 1% gentamicin
sulfate and amphotericin-B, and 10% vr-glutamine. For all
three cell types, passage numbers 2—10 were used in the
experiments. 5 puL calcein AM and 20 pL ethidium homodimer
(Molecular Probes) in 10 mL phosphate buffer solution were
used to determine cell viability following 48h exposure to
fullerenes. Fullerenes (nano-Cgg) suspended in ultrapure water
and sterilized via filtration (0.22 um) were added to cells,
grown in 24 well plates, at concentration of 0.24, 2.4, 24, 240
and 2400 ppb. For each experiment, the viability of untreated
HDF, HepG2, and NHA cells, as well as cells treated with
phosphate buffered saline (PBS) solution, was evaluated as
well. Cell viability was evaluated via fluorescence microscopy
(Zeiss Axiovert 135). The experiment was repeated six times.

2.3. Lactate dehydrogenase release

The release of lactate dehydrogenase (LDH) was also
monitored over the nano-Cgy concentration range described
above. Cells (HDF, HepG2, NHA) were seeded in 24-well
plates, exposed to nano-Cgy, and incubated for 48 h. After
incubation, the cell media was transferred to 15 mL centrifuga-
tion tubes (total volume 4mL) and were centrifuged at 300g
for 4min. The media was decanted and analyzed for LDH
release as previously described [11,12]. Upon addition of assay
solutions, the media was protected from the light for 30 min.
During this inoculation time, NAD is reduced to NADH using
the LDH released in the medium. 400 uL. of 1~ HCI was then
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added to each sample to terminate the reduction of NADH.
The resulting absorbance was measured at 490 nm.

2.4. Mitochondrial activity

The 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT)
assay (Sigma) was used to evaluate mitochondrial activity [13].
Cells, grown in 24-well plates, were exposed to fullerenes as
described above. After 48h, 150 uL of MTT (5mg/mL) was
added to each well and incubated for 4h. Afterwards, 850 uL
of the MTT solubilization solution (10% Triton X-100 in 0.1~
HCI in anhydrous isopropanol) was added to each well. The
24-well plate was gently mixed on a gyratory shaker to solu-
bilize the formazan crystals. After solubilization in acidic
isopropanol, the product was quantified by measuring absor-
bance at 570 nm.

2.5. DNA content

Using the fluorescent DNA-binding dye PicoGreen®
(Molecular Probes), the concentration of DNA in normal
HDF, HepG2, and NHA cells and cells dosed with 240 ppb
nano-Cgy was measured. A TE buffer solution (10mm Tris-
HCl, 1mm EDTA, pH 7.5) was used to prepare the Pico-
Green™ dsDNA quantitation solution. An equal volume of the
PicoGreen®™ quantitation solution was added to each HDF,
HepG2, and NHA lysed sample solution. After Smin of
incubation, absorbance was measured using a spectrofluorom-
eter (excitation 480 nm, emission 520 nm). A standard curve
(I ng/mL-1 pg/mL) was made using a DNA stock solution.
Total protein was measured in cellular homogenates using the
Bradford method [14,15], and DNA content was normalized to
protein content.

2.6. Permeability of the plasma membrane

The integrity of the plasma membrane was examined by
monitoring the uptake of fluorescein-derivatized dextrans
(Molecular Probes) of increasing molecular weights
(10,000-500,000 Da). Cells were treated with fullerenes as
described above. After cells were washed with phosphate-
buffered saline (PBS, pH 7.4), 2.5mg/mL dextran was added
to each well and then incubated at 37 °C/5% CO, for 30 min.
Cells were washed with PBS then fixed with 5% glutaraldehyde
(Sigma) and observed via fluorescent and phase contrast
microscopy (Zeiss Axiovert 135).

2.7. Lipid peroxidation

Lipid peroxidation was measured in HDF, HepG2, and
NHA cells using the thiobarbituric acid (TBA) assay for
malondialdehyde [16] and normalized to total protein. Cells
were homogenized in 50 mm HEPES-buffered saline (pH 7.2)
with 0.1 mm phenylmethanesulfonyl fluoride (PMSF) using a
glass tissue tearor. The homogenate was centrifuged at 14,000g
for Smin. 1.4mL of 0.02% butylated hydroxytoluene (BHT)
and 0.375% TBA were incubated with 100puL of each
homogenate for 15min at 100 °C. The samples were cooled,
centrifuged (5900¢g for 5Smin), and the appearance of mal-
ondialdehyde was measured in the supernatant at 532 nm and

compared to a standard curve containing 0-3.2 um malondial-
dehyde. Total protein was measured in tissue homogenates
using the Bradford method [14,15] and lipid peroxidation was
normalized to protein content.

To confirm the evidence of lipid peroxidation, HDF,
HepG?2, and NHA cells were dosed with the nano-Cgq solution
as described above; and CI11-BODIPY>®/*! (Molecular
Probes) was used to monitor lipid peroxidation in cultured
cells [17]. This lipophilic fluorophore changes its fluorescence
when it interacts with peroxyradicals. The oxidation of C11-
BODIPY>®V*! was evaluated via fluorescence microscopy
(Zeiss Axiovert 135). The degree of peroxidized lipids was
quantified by spectrometrically measuring the loss of red
fluorescence and gain of green fluorescence (Molecular Devices
SpectraMax Plus®®%).

2.8. Glutathione production

Glutathione production was monitored for HDF, HepG?2,
and NHA cells exposed to nano-Cg, at varying concentrations
(0.24-2400 ppb). Control cells were treated with an equivalent
volume of MilliQ water. After 48 h, cells were homogenized in
5% sulfosalicylic acid (SSA) via glass tissue tearor. The
homogenate was centrifuged at 14,000g for 5min. After 10 min
incubation at 37°C, 15pL of 50 U/mL glutathione reductase
was added to each sample. Absorbance at 412nm was then
measured. Glutathione standards (0—4pm) with 100uL
NADPH, 15uL 5,5-dithiobis(2-nitrobenzoic acid) (DTNB),
and 25 uLL SSA were evaluated similarly for comparison. Total
protein was measured in tissue homogenates using the
Bradford method [14,15] and total glutathione was normalized
to protein content.

2.9. Addition of ascorbic acid

A 1mm r-ascorbic acid solution was prepared. HDFs
were incubated in appropriate media and inoculated with
60puL of S0mg/L nano-Cgp, as described above. After
40h, 240 uLL of 1 mMm L-ascorbic acid was added to the HDFs.
8h later, the lipid peroxidation assay was performed as
described above.

3. Results

Cell viability was determined following 48 h exposure
to fullerenes. We previously found that LDH release
does not occur at 1, 12, or 30 h after inoculation with the
nano-Cgy. For this reason, all LDH measurements were
performed after 48 h. The LCs, values, determined from
the dose response curves shown in Fig. 1, are as follows:
for the HDF cells, 20 ppb; for HepG2, 50 ppb; and for
NHA cells, 2ppb. Since substantial cytotoxicity was
observed for nano-Cg, the mechanisms by which nano-
Ceo damages cells in culture were examined. Using the
MTT assay, we found that mitochondrial activity was
unchanged. Using the PicoGreen® DNA assay, we
determined that there was no difference in DNA
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Fig. 1. The response of aggregated water-soluble fullerene species on HDF, HepG2, and NHA are dependant on nanoparticle dose and surface
chemistry. All assays were performed in culture. (A) The dose response curve of the nano-Cg species on () HDF, (8) HepG2, and (A) NHA cells.
A non-linear curve fit was applied to three separate data sets. For some data points, the symbol is too large for errors bars to be seen. (B) Death of
HDF, HepG2, and NHA cells via nano-Cg was confirmed with the lactate dehydrogenase release. Dextran fluorescein (500,000 kDa) was added to
(C) normal healthy cells and (D) cells dosed with 10 ppm nano-Cgy. Part C shows data for HDF cells only.

concentration on a per cell basis between controls or
cells exposed to 2400 ppb nano-Cg (Fig. 2).

In the presence of nano-Cgj, there appears to be
significant membrane disruption. The membrane perme-
ability was evaluated for HDF, HepG2, and NHA cells
using fluorescent dextrans. Results for all three cell lines
show that cells grown under normal conditions, without
the addition of the fullerene species, uptake of fluor-
escent dextran was only observed with the smallest
(10kDa) dye. However, the cells dosed with 240 ppb
nano-Cgo were permeable to the 10, 70, and 500 kDa
dyes (Fig. 1).

Membrane oxidation was qualitatively examined
using two separate methodologies. In the first method,
lipid peroxidation was indirectly measured by monitor-
ing the production of MDTA from the oxidation of
malondialdehyde in the presence of cells in culture. A
gradual increase of MDTA, which corresponds to an
increase of peroxyradicals on membranes, was observed
for cells dosed with 0.24-4.8ppb; and a dramatic
increase of MDTA was observed for cells dosed with
240 and 2400 ppb (Fig. 3a). Additionally, the concentra-
tion of glutathione, a natural-occurring antioxidant,
noticeably increases at the 240 ppb nano-Cg, concentra-
tion (Fig. 3b) in HDF, HepG2, and NHA cells. We
believe this demonstrates an increase in glutathione
synthesis by the cells in response to oxidative stress. The

cells could be exporting oxidized glutathione to the
media, as well as synthesizing intracellular reduced
glutathione.

Further evidence of lipid peroxidation is shown in
Fig. 4. The second method of detecting lipid peroxida-
tion utilizes the lipophilic fluorescent dye C11-BODI-
PY3¥/%!  This fluorescence assay was developed for
localization and quantification of lipid oxidation in
living cells [17]. The oxidative sensitivity of Cl1-
BODIPY>*"*! provides indication that conditions
favoring oxidation of the dye exist at the surface of
the membrane. Once oxidized, the fluorescence of this
dye shifts from red to green. The probe incorporates
readily into cellular membranes and is about twice as
sensitive to oxidation compared to probes such as cis-
parinaric acid [18]. Using confocal microscopy, the
oxidation of C11-BODIPY>*"**! can be visualized at
the cellular level. Over time, in the presence of normal
cellular membranes, the C11-BODIPY>®!*°! fluoro-
phore maintained red fluorescence (610 nm) with no
green fluorescence (510 nm). However, in the presence of
nano-Cgo, the BODIPY fluorophore decreased in red
fluorescence and increased in green fluorescence, in-
dicating membrane oxidation.

In an additional set of studies, L-ascorbic acid was
added to the cells during exposure to nano-Cg as a test
to determine if the oxidative damage to HDFs could be
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Fig. 2. Nano-Cgy does not disrupt the mitochondrial activity or DNA
concentration of HDF, HepG2, and NHA. (A) The concentration of
mitochondrial dehydrogenase does not increase as nano-Cg, concen-
tration increases. (B) Also, the concentration of DNA in HDF,
HepG2, and NHA cells before dosing is equivalent to DNA in cells
after dosing and fits within the standard curve. All cells were seeded at
70% confluency. Cells were exposed to nano-Cg for 48 h.

prevented (Fig. 5). After 48 h, the cells were monitored
for viability and lipid peroxidation. Results show that
no oxidative damage occurred when both nano-Cg, and
L-ascorbic acid was added to HDF cells. Further, cell
viability was unchanged from controls when cells were
treated with both nano-Cgy and L-ascorbic acid.

4. Discussion

We investigated the effect of water-soluble fullerene
aggregates, nano-Cgy, on HDF, HepG2, and NHA cells
in culture. Nano-Cg, demonstrated significant toxicity in
previous cell culture studies, while a highly hydroxy-
lated, water-soluble fullerene, Cgo(OH)»4 did not [4]. In
these studies, we have determined that lipid peroxida-
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Fig. 3. The proposed mechanism in which nano-Cg, disrupts normal
cellular function. The oxy-radical produced from the solvent extraction
of Cgo from the organic solvent to water attacks the lipid bilayer of the
cytoplasmic membrane, producing a peroxyradical resulting in holes in
the bilayer. There is no indication of protein oxidation in any cell lines.
(A) However, HDF, HepG2, and NHA cells exhibit a hysteretic lipid
peroxidation curve in the form of eventual increase in pm MDTA
concentration. (B) However, with the addition of ascorbic acid to the
system, lipid peroxidation is prevented. In addition, the glutathione
production also dramatically increases at the 240 ppb mark for the
dermal and liver carcinoma, and astrocyte cell lines.

tion and resultant membrane damage are responsible for
the cytotoxicity of nano-Cgy. In addition, the oxidative
damage and toxicity of nano-Cgy were prevented by
addition of rL-ascorbic acid to the culture medium as an
antioxidant.

Our findings on derivatized fullerenes agree with
previous studies already established in the literature, but
add additional insight into the mechanisms that dictate
the differential cytotoxicity of various water-soluble
fullerene species. This is the first study that investigates
the interaction of nano-Cg with human cells in culture.
Further, the few cell culture experiments involving other
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types of nanoparticles, metal oxides and quantum dots,
have identified particles within or around the mitochon-
dria [4,19-21]. We have found that the water-soluble
fullerene nanoparticles used in this study do not affect
mitochondrial activity, but have not specifically eval-
uated intracellular localization of the nano-Cgy.

Our observation of membrane oxidation is not
unexpected given that ROS have been observed in
aqueous solutions of water-soluble fullerenes [22].
However, our cytotoxicity is several orders of magnitude
higher than that seen for other forms of fullerenes
including C3, C60(OH)12a and C60(OH)18,2503,7
[23-25]. We believe that the difference can be accounted
for by the substantial fraction of pristine Cgo in the
interior of the nanocrystalline aggregates. In its under-

ivatized form, Cgo has a very high reduction potential
and would be a good electron acceptor in biological
media.

These data unambiguously show that membrane
oxidation occurs in a wide variety of cell lines when
exposed to nano-Cg. Given our prior data in cell free
systems [4], which show these species capable of
generating superoxide anions, we speculate that nano-
Ceo itself is the origin of the oxygen radicals, and hence a
prooxidant. This behavior is distinctive from the
antioxidant behavior found for other types of water-
soluble fullerenes [26—33]. We can reconcile these two
observations by first realizing that the chemical structure
of nano-Cq, is different from intentionally water
solubilized materials. This should lead to different
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chemical properties, such as oxidant behavior in
biological systems. Additionally, we note that many
common antioxidants, including nitric oxide and vita-
min E, will also act as prooxidants in certain biological
environments [26,28—-31,33].

Antioxidants, such as a-tocopherol, uric acid and L-
ascorbic acid, typically prevent cellular damage that is
caused by oxygen radicals [27,32]. With the addition of
the antioxidant, rL-ascorbic acid, the oxidative damage
caused by ROS associated with the nano-Cg, suspension
was eliminated. In most of our experiments, the cell
culture media itself contains antioxidants at relatively
low concentrations. It may be that peroxidative
processes begin at time zero, and that it takes more
than 30 h to deplete the antioxidants in the cell culture
media. In this interpretation, protection is extended
beyond 48 h when L-ascorbic acid is added. Additional
ascorbic acid is needed to protect the astrocytes, which
are lipid rich cells. NHA were grown in media contain-
ing 1% ascorbic acid which protects these cells from
oxidative stress generated during normal incubation.
This initial concentration of L-ascorbic acid is substan-
tially lower than the L-ascorbic acid added during the
48 h of nano-Cg, exposure.

To date, there have no reports on long-term exposure
to engineered nanomaterials, including fullerenes or
fullerene derivatives. The only in vivo studies have

focused on the short-term effects of nanomaterials
instilled into the lungs of rodents. In that work carbon
nanostructures, single-walled carbon nanotubes, were
found to aggregate after exposure and apparently could
clog small airways [21]. Additionally, short-term ex-
posure of fullerenes with 2 or more covalently bonded
water-solubilizing groups to cells in culture has also
been reported [34-43].

Ceo 1s alternately described in the literature as a
nanomaterial and as a molecule. However, nano-Cg, a
crystalline aggregate, is clearly an example of an
engineered nanomaterial. Because of its size, a nano-
particle is potentially biologically active and could
disrupt normal cellular processes; therefore, it is
important to examine the potential biological effects of
nanoparticles on the cellular level. This study, as well as
our previous work, demonstrates that the biological
behavior of nanoscale structures differs from both
molecules and bulk materials, much in the same way
that these materials exhibit unique chemical, physical
and electronic properties [4].

5. Conclusion

The response of a cell to a nanomaterial can aid in the
evaluation of the material for medical applications and
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environmental fate. Given the enormous range of
nanoparticle types, morphologies and surface chemis-
tries, as well as the uncertain form of nanoparticles in
future applications, toxicological testing that only
provides a measure of hazard is not useful. Instead,
toxicology in this emerging area must provide a basis for
predicting systematically how a nanoparticle’s biological
behavior relates to its structure, composition and
morphology. In vitro testing provides a cost-effective
means for such studies, and as this report illustrates, cell
culture experiments are well suited for developing
mechanistic models to inform material development.
We hope this work will set a standard for future efforts
to characterize the environmental and health impacts of
other classes of engineered nanoparticles. Ultimately,
such proactive environmental and toxicological studies
will be vital to ensure the nanomaterials design process
yields both effective and safe technologies.
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