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Nanoscale zero-valent iron (nZVI) is a “redox”-active
nanomaterial used in the remediation of contaminated
groundwater. To assess the effect of “aging” and surface
modification on its potential neurotoxicity, cultured rodent microglia
(BV2) and neurons (N27) were exposed to fresh nZVI,

“aged” (>11 months) nZVI, magnetite, and polyaspartate surface-
modified (SM) nZVI. Increases in various measures of
oxidative stress indicated that BV2 microglia responded to
these materials in the following rank order: nZVI > “aged” nZVI
> magnetite = SM nZVI. Fresh nZVI produced morphological
evidence of mitochondrial swelling and apoptosis. In N27
neurons, ATP levels were reduced in the following rank order:
nZVl > SM-nZVI >"“aged” nZV| = magnetite. Ultrastructurally,
nZVI produced a perinuclear floccular material and cytoplasmic
granularity. Both SM-nZVI produced intracellular deposits of
nanosize particles in the N27. The physicochemical properties
of each material, measured under exposure conditions,
indicated that all had electronegative zeta potentials. The iron
content of nZVI (~35%) and SM-nZVI (~25%) indicated

high “redox” activity while that of “aged” and magnetite was
neglibile. Sedimentation and agglomeration occurred in the following
rank order: nZV > “aged” nZVI > magnetite > SM-nZVI.
Correlating these properties with toxicity indicated that partial
or complete oxidation of nZVI reduced its “redox” activity,
agglomeration, sedimentation rate, and toxicity to mammalian
cells. Surface modification decreased nZVI toxicity by reducing
sedimentation which limited particle exposure to the cells.
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Introduction

Nanoscale zerovalent iron (nZVI) is used for the in situ
remediation of groundwater pollutants (1) such as chlorinated
organics (2—4) pesticides (5), and heavy metals (6, 7). Because
of its larger specific surface area, higher surface reactivity
(6), and unique catalytic activity (8), nZVI degrades or reduces
contaminants at a faster rate than microscale ZVI (iron filings)
(2). nZVI is highly “redox” active and generates reactive
oxygen species (ROS) though Fenton chemistry (9). It acts
as an electron donor to reduce chlorinated organic con-
taminants and heavy metals, rendering them less mobile. In
aqueous environments, nZVI oxidizes over time (i.e., “ages”)
to magnetite (Fe;0,4), maghemite, and other iron-oxides such
as hematite and goethite. For in situ applications, highly
concentrated (~10 g/L) aqueous slurries of nZVI are injected
directly into the ground at, or near, the source of contami-
nation (10, 11). nZVI particles rapidly agglomerate due to
magnetic forces (12, 13) and the mobility of bare nZVI is
limited (few centimeters) (14). Thus nZVIis surface-modified
(SM) with polymers or surfactants to increase its migration
and therefore proximity to the pollutant materials (12, 14—19).
The enhanced mobility of surface-modified particles and
nZVI's direct application to groundwater increase the likeli-
hood that these materials can disperse in the environment
and raise the possibility that they could enter aquifers in low
concentrations and impact ecological and higher order
biological systems through drinking water.

Several studies indicate that ingested or inhaled nano-
particles can cross biological barriers (i.e., alveolar, intestinal,
dermal) and migrate in small numbers to various organs and
tissues (20, 21) where they can potentially damage organ
systems particularly sensitive to oxidative stress (OS), such
as the brain. In the brain, OS is mediated by the microglia,
a macrophage-like, phagocytic cell (22, 23). Upon contact
with a foreign substance, the microglia elaborate cytoplasmic
projections which engulf and sequester the foreign material
(i.e., phagocytosis). Microglia then express the “oxidative
burst” which produces multiple ROS that destroy the foreign
substance through OS-mediated damage. To examine the
possibility that nZVI or its related materials could produce
OS-mediated neurotoxicity, rodent brain cells (BV2 microglia
and N27 neurons) were tested. BV2 cells are immortalized
mouse microglia that retain normal morphological and
functional properties and respond to pharmaceutical agents,
nanoparticles, and environmental chemicals with charac-
teristic signs of OS (24—27). N27 are immortalized rat
dopaminergic neurons dissociated from the mesencephaic
cortex (28). Recent data (29) using both cell types have been
used to predict OS-mediated brain damage associated with
particular matter (30). These cells were exposed to nZVI
materials currently used in groundwater remediation and
most likely to show actual environmental risk. These included
nZVI from fresh slurry, its oxidized forms (“aged”, magnetite)
and fresh nZVI that had been surface-modified with sodium
polyaspartate (SM-nZVI). Because of their potential “redox”
activity, several major events in the cell’s OS response (e.g.,
oxidative burst, mitochondrial depolarization, caspase 3/7
activity) and viability (e.g., ATP reductions) were measured
with various fluorescent assays. The size distribution (ag-
gregate versus individual particles), zeta potential, and
sedimentation profile of these materials were measured under
exposure conditions and correlated with their cellular
response. This allowed us to test the hypothesis that the
physical properties of nanoparticles determine their interac-
tion with biological systems. We proposed that the oxidative
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FIGURE 1. (A) BV2 microglia were incubated (30 min, 37 °C) in 10 xg/mL Oxyburst Green in Hanks basic salt solution (HBSS) and
exposed to 1—20 ppm nZVI (fresh, “aged”), magnetite, or either SM-nZVI (polyAA-nZVI and MRNIP). Significant release of ROS first
occurred after 30 min in response to fresh nZVl (=1 ppm) and “aged” nZV (=10 ppm). No significant release was observed for
magnetite or SM-nZVI over the subsequent 90 min recording period. (B). BV2 cells were incubated with 25 nM MitoTracker Red (30
min, 37 °C). Depolarization of the mitochondrial membrane initially occurred in response to fresh nZVl (=40 min, 10 ppm) but was
unaffected by its “aged” counterpart. (C) Intracellular ATP levels were measured with CellTiter-Glo. Significant reductions occurred
in response to fresh nZVI (=5 ppm, 3 h) “aged” nZVI (20 ppm, 3 h), and magnetite (20 ppm, 24 h). (D) Significant increases in caspase
3/7 activity occurred in response to fresh nZVI (=10 ppm, 6 h and continued over the 24 h exposure). “Aged” nZVI also stimulated
significant increases but at later time points. The lowest concentrations and earliest time points at which significant effects were

recorded are marked by asterisks.

“aging” and surface modification of nZVI materials would
modify their physical properties (agglomeration, iron content)
and would differentially affect cell types (microglia) and
neurons known to be OS-sensitive.

Materials and Methods

Five materials were used in this study: fresh (bare) nZVI,
oxidized nZVI (“aged”), magnetite, and two surface-modified
nZVl (SM-nZVI). The first SM-nZVI is a commercially
available product (MRNIP) which is fresh nZVI modified with
sodium polyaspartate (poly AA) (MW + 10,000 g/mol), and
the second is fresh nZVI modified with the same polymer
(poly-AA) but laboratory generated. This was done to ensure
that the comparison between fresh bare nZVI and the SM-
nZVI had the same underlying nZVI particle material because
the manufacturing of MRNIP is proprietary. Both MRNIP
and poly-AA particles behaved identically in this study. The
sources of the various nZVI are described in the Supporting
Information (SI) section. Concentration units were presented
as “ppm” in keeping with toxicity nomenclature (1 ppm =
1 mg/L). The cell culture models, their maintenance, and
exposure procedures have been fully described in the SI.
The assays and methodologies for the physicochemical
measures (iron (Fe) content, zeta potential, hydrodynamic
diameter, and sedimentation) have been previously reported
(18, 31) and are also described in the SI.

Results
0S and Microglia. Immortalized mouse microglia (BV2) were
exposed to the various nZVI materials and major end points
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of OS were measured (Figure 1A—D). Intracellular H,0,
generated from the oxidative burst was produced only in
response to fresh nZVI (=1 ppm, 30 min) and “aged” nZVI
(=10 ppm, 30 min) (Figure 1A). Both the commercial SM-
ZVI (MRNIP) and the laboratory generated material (polyAA-
nZV]) failed to stimulate the oxidative burst. Depolarization
of the mitochondrial membrane, an index of apoptosis,
occurred only in response to fresh nZVI (=5 ppm, 40 min)
(Figure 1B). Reductions of intracellular ATP, a marker of
cellular viability, affected the microglia in the following rank
order: fresh nZVI (5 ppm, 3 h) > “aged” ZVI (20 ppm, 3 h)
> magnetite (20 ppm, 24 h) (Figure 1C). Increases in caspase
3/7 activity, an indicator of apoptosis, first occurred in
response to fresh nZVI (=10 ppm, 6 h) but also occurred at
later exposures with “aged” nZVI (=10 ppm,18 h) (Figure
1D). SM-nZVI exposure failed to produce OS or apoptosis in
these cells. Ultrastructurally, BV2 microglia exposed to fresh
nZVI (5 ppm, 3 h) displayed large nZVI agglomerates housed
in membrane-bound agglomerates (i.e., phagosomes) (Figure
SI 1A). These inclusions were located in close proximity to
populations of disrupted mitochondria. Light microscopy
(LM) indicated that the nuclei of exposed BV2 (5 ppm, 6 h)
were swollen and centrally located, which suggested apop-
tosis (Figure SI 1B).

Neurotoxicity. The response of N27 neurons to each nZVI
material was examined with viability and morphological end
points. Levels of intracellular ATP were reduced after a 6 h
exposure in the following rank order: fresh nZVI (=5 ppm,
1h) > SM-nZVI (20 ppm, 1 h) > “aged” nZVI = magnetite
(20 ppm, 6 h) (Figure 2). In contrast to the crisp, electron
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FIGURE 2. N27 neurons were exposed to 1—20 ppm of each
material and levels of intracellular ATP levels were measured
over a 6 h exposure with CellTiter-Glo. The following rank
order of cytotoxicity was recorded: fresh nZVI (>5 ppm, 1 h) >
Poly AA nZVlI = MRNIP (20 ppm, 1 h) > “aged” nZVI (20 ppm,
6 h) = magnetite (20 ppm, 6 h). Asterisks mark the lowest
concentration and earliest time points for significant responses.

dense appearance of nuclear chromatin seen ultrastructurally
in control nuclei (Figure 3A), the nuclei and cytoplasm of
N27 neurons exposed to fresh nZVI (1 ppm, 3 h) displayed
a floccular material and a darkened, granular cytoplasm
(Figure 3B). The nuclei and cytoplasm of N27 neurons treated

with either commercial or laboratory generated SM-nZVI (1
ppm, 3 h) appeared ultrastructurally normal. However,
numerous examples of single particles and small agglomer-
ates (~200—300 nm) of electron-dense nZVI appeared
throughout and within the cell’s nuclei and mitochondria
(Figure 3C). Evidence of electron-dense membrane invagi-
nations, suggestive of clathrin-lined endocytotic vesicles
(32, 33), was also noted in SM-nZVI treated neurons (Figure
3C and D, asterisks).

Particle Characterization. The Fe® content of fresh nZVI,
polyAA-nZVI, and MRNIP measured 35 + 1%, 24 + 1%, and
24 4 2%, respectively. Reactivity tests with trichloroethylene
indicated that they were all highly redox active. The half-life
for nZVI's conversion to iron oxides is approximately 3—6
months when stored in water at pH 10.6 (34). This was
supported by the neglible iron content measured in the
“aged”’nZVI and magenetite materials. The surface charge
(zeta potential) of the individual materials was influenced
by the fluids in which they were exposed (Tables SI 1, SI 2,
SI 3). For example, in HBSS, the zeta potentials ranged from
—13.8 to —18.6 mV; in BV2 nutrient medium (Dulbecco’s
Modified Eagle’s Medium, DMEM), they ranged from —7.1
to —10.1 mV, and in RPMI-1640, the media used to expose
N27 neurons, they measured —8.0 to —13.3 mV. Although,
the ionic strengths of HBSS, DMEM, and RPMI-1640 are
similar (155, 166, and 151 mM, respectively), the particles
measured in DMEM or RPMI had lower zeta potentials
relative to the HBSS environment. This suggested that
interactions occurred between the particle surface and the
amino acids found in DMEM and RMPI (28).

FIGURE 3. Nuclear chromatin of control N27 neurons displayed a high contrast appearance and ultrastructurally normal cytoplasm
(Figure 3A). In contrast, the cytoplasm of N27 neurons exposed to fresh nZVI (1 ppm, 3 h) appeared darker and more condensed, and
displayed a fibrillar material around the cell’s internal membrane (asterisks) and a perinuclear distribution of floccular material
(Figure 3B). The cytoplasm of N27 neurons, treated with either laboratory-generated SM-nZVI (Figure 3C) or MRNIP (Figure 3D) (1
ppm, 3 h) appeared relatively normal ultrastructurally, although ZVI agglomerates (~200—500 nm) and single nanesize particles were
noted in the nuclei and cytoplasm in response to hoth treatments (Figures 3 C and D, insert). Invaginations of the neuron’s cell
membrane, suggestive of clathrin-lined endocytotic vesicles, were also noted in both SM-nZVI treated samples (Figure 3 C and D,

circles, asterisks).
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FIGURE 4. Sedimentation of fresh nZVI,

“aged” nZVI, magnetite, and SM-nZVI (MRNIP) in (A) HBSS, (B) DMEM, and (C) RPMI.

Sedimentation of fresh nZVl in DMEM (B) is not shown but behaved similarly to nZVl as shown in (C). Sedimentation of polyAA-nZVI

was similar to MRNIP and their behavior is depicted by SM-nZVI.

Tables SI 1—SI 3 show the particle size distributions of
the different nZVI materials under exposure conditions. For
non-SM nZVI materials (i.e., fresh nZVI, “aged” nZVI, and
magnetite), the size distributions were bimodal in all exposure
vehicles, and contained both small (hydrodynamic radius,
(Ry) < 1 um) and large (Ry > 2 um) agglomerates. The
sedimentation of particles measured in each exposure vehicle
(Figure 4A—C) indicated that fresh nZVI agglomerated and
sedimented faster relative to the other materials. Over the
120 min recording period, the particle size distribution
increased and then decreased as the larger agglomerates
settled from the suspension, leaving behind the DSL-
detectable smaller agglomerates.

The unmodified materials (fresh nZV, “aged”, magnetite)
materials agglomerated rapidly as reported earlier (13). After
10 min, the agglomerate size (R;) of each material was
measured: fresh nZVI (2.9 um), “aged” nZVI (0.73 um), and
magnetite (0.53 um). These values related to the Fe® content
of the material and suggested that the agglomerate size was
influenced by the magnitude of the magnetic attraction
between the particles (13). The agglomeration of SM-nZVI
and MRNIP was much slower relative to the uncoated nZVI
due to the electrosteric stabilization provided by the adsorbed
polyAA (18). The same trends were observed for the ag-
glomeration in DMEM and RPMI. The low sedimentation
rate of SM-nZVI resulted from the reduced agglomeration of
the coated particles although in HBSS the sedimentation
ranking was similar. The agglomeration of polyAA-nZVI in
HBSS, DMEM, and RPMI was not measured but was expected
to behave identically to MRNIP because of their similar
physical properties (e.g., Fe® content and polyAA coating).

Discussion

The present data show that nZVI materials (i.e., fresh, “aged”,
and SM-nZVI) are differentially toxic to mammalian nerve
cells. Interactions between nanoparticles and the biological
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response of cells are thought to be influenced by the particle’s
PC properties such as size, aggregation state, surface charge,
and the presence of surface coatings (35, 36). Our data indicate
that differences in bulk chemistry, “redox” activity surface
chemistry, and sedimentation influenced the stimulation of
0OSin BV2 microglia and cytotoxicity in N27 neurons. In every
instance, fresh nZVI was more toxic relative to its “aged”,
oxidized, or surface-modified counterparts. In microglia, fresh
nZVI stimulated high levels of ROS and caspase activity,
reduced intracellular ATP levels, and depolarized the mito-
chondrial membrane at lower exposure times and concen-
trations relative to the other materials. The higher OS-
mediated toxicity related to the higher iron content and
“redox” activity of fresh nZVI. The relatively high iron content
of fresh nZVI was expected since Fe® would have been largely
oxidized in the “aged” and magnetite materials from cor-
rosion by water. The OS response of “aged” nZVI could result
from small amounts of ferrous ion present which could be
further oxidized to ferric ion. Although it was not tested in
the present study, nZVI’s high OS behavior could also relate
to its ability to form free radicals in water (37, 38) and in
exposure media (35). Fresh nZVI and SM-nZVI (both “redox”
active) were also more cytotoxic to N27 neurons than “aged”
nZVI and magnetite. Although, nZVI agglomerates were not
seen in the cytoplasm of exposed N27 neurons, the presence
of perinuclear floccular material and the rapid cytoxicity in
these cells indicated that they were adversely affected.
Previous studies have reported that magnetite is toxic to rat
liver cells (39) and lung cells (40), yet our data showed that
it neither stimulated OS end points nor increased caspase
3/7 activity in BV2 microglia and was only marginally
neurotoxic to N27 neurons. The low neurotoxicity of the
oxidized materials correlated with their relatively low “redox”
activity and is consistent with prior reports of Fe’/Fe-oxide
nanoparticles (38, 41) and other “redox”-active nanomaterials
(42).
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The influence of surface modification appeared to be cell-
type-dependent. Although SM-nZVI had substantially more
iron content relative to the “aged” nZVI or magnetite, surface
coating appeared to reduce the OS response, suggesting an
independent effect of the poly AA coating rather than the
“redox” activity of these materials. The surface coating could
alter the interaction of the particles with the BV2 cell
membrane and phagocytosis or mitigate ROS production as
reported (43, 44). In contrast, the presence of surface coating
had less influence on nonphagocytic N27 toxicity which
followed the order of “redox” activity (Fe’ content).

The poly AA surface coating affected agglomeration,
surface charge, and the particle’s surface chemistry. This
might affect its initial contact with the cell membrane and
cellular intake process such as phagocytosis (microglia) or
endocytosis (neurons). Agglomeration state would affect the
actual process by which particles enter the cell. Although
nanosize particles (1—100 nm) are smaller than the optimal
size range (1—3 um) for phagocytosis (45), the micron-size
nZVI agglomerates could easily trigger BV2 microglia phago-
cytosis as demonstrated by the cell’s OS response and its
ultrastructure. The agglomeration and subsequent sedimen-
tation could also affect the exposure of the particles to cells
in culture (46). For example, the higher toxicity of fresh nZVI
materials to both BV2 microglia and N27 neurons might relate
not only to its higher iron content and “redox” activity, but
also to its faster agglomeration and sedimentation rate which
would increase the amount and rate at which nZVI ag-
glomerates physically contact the cells. Conversely, the
surface coating of SM-nZVI minimized their agglomeration
and sedimentation rate and limited their physical contact
with the target cells. This possibility is suggested by the low
OS response of BV2 exposed to SM-nZVI particles, in spite
of their having an iron content relatively similar to that of
fresh nZVI. Although, the smaller agglomerates remained
largely suspended, some nanosize SM-nZVI particles did
contact and enter the N27 neurons, as shown ultrastruc-
turally. The inclusion of single and small agglomerates of
SM-nZVI particles noted in the N27 neuronal cytoplasm and
nuclei is noteworthy. The polymeric poly AA-surface coating
of nZVI particles appeared to facilitate particle—cell interac-
tion. Both the commercial (MRNIP) and laboratory-generated
(polyAA-nZVI) particles were modified with polyaspartate.
This biopolymer consists of aspartate units, a natural
proteinogenic amino acid. Polymers have been used for
controlled release formulations and drug-targeting systems
(47) and polymeric surface modification using aspartate has
been used to promote the delivery of nanosize particles to
cells and tissues (48, 49). This may explain the presence of
nanosize SM-nZVI particles inside the otherwise normal N27
neurons. Although no evidence of phagocytosis was seen,
cellular entry of such nanosize materials through clathrin-
lined caveoli, similar to that described by others (33, 50), was
documented.

These results have important implications for using nZvI
materials for groundwater remediation and for using surface
coatings on these materials. The unmodified, relatively
immobile nZVI particles oxidize in water and “age” over
months into the nontoxic magnetite and/or maghemite (34)
suggesting low risk to encountered ecosystems. Although
surface modification increases nZVI's dispersion, it also
appears to decrease its toxicity. However, the poly AA surface
modifier appeared to facilitate SM-nZVI’s cytoplasmic and
nuclear entry into cells. This latter observation may have
long-term biological consequences that are not evident over
thelimited exposure times of the present study. Since a variety
of surface coatings which increase the mobility of nZVI in
porous media (12, 14) are currently available, efforts should
be made to fully characterize their toxicity.
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