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Inflammatory response of mice following inhalation exposure
to iron and copper nanoparticles

JOHN M. PETTIBONE!, ANDREA ADAMCAKOVA-DODD?, PETER S. THORNE?,
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YChemical and Biochemical Engineering; *>Occupational and Environmental Health; >Pathology & *Chemistry,
University of Towa, Iowa City, Iowa, USA

(Received 9 May 2008; accepted 8 August 2008)

Abstract

We examined pulmonary inflammatory responses of mice following whole-body inhalation exposure to copper and iron
nanoparticles in acute and sub-acute studies. Concentrations for sub-acute copper and iron exposures were 3.6 mg m  °.
No significant pathology was found following acute exposure. Immediately following sub-acute exposure, both iron- and
copper-exposed mice showed increased inflammation compared to sentinels. Copper nanoparticle-exposed mice had
significantly higher lavage cytokines as well as perivasculitis and alveolitis. Three weeks post-exposure, all inflammatory
markers decreased for iron nanoparticle-exposed mice, however, some remained elevated for copper-exposed mice. At
biologically relevant pHs, i vitro studies showed that copper nanoparticles displayed a greater propensity for dissolution
compared to iron. We conclude that the presence of dissolved ions, the concomitant formation of smaller nanoparticles and
the absence of particles in stained lung sections immediately postexposure (inferring either translocation or more dispersed

aerosol distribution) contributed to the increased inflammation observed in copper nanoparticle-exposed mice.

Keywords: Aerosol, inhalation, murine models, dissolution, copper, iron, nanoparticles, agglomerates

Introduction

Transition metal nanomaterials are finding more
applications in a number of industrial processes
and consumer products. Iron nanoparticles are
used in medical imaging (Babes et al. 1999), media
storage (Chen and Gao 2004), and in fluid applica-
tions as well as for environmental remediation
(Zhang 2003). Copper nanoparticles are used as
sensors, catalysts and as additives in lubricant oils
(Liu et al. 2004). Human exposure to these transi-
tion metal nanomaterials may occur in the manu-
facturing process as well as during handling,
transport and use. Thus, investigations are needed
to determine if there are harmful health effects
associated with exposure.

Previous studies have shown that inhalation is the
most probable exposure route for metal nanoparti-
cles in a systemic dose (Osier and Oberdo6rster 1997;
Driscoll et al. 2000). Currently, there is no direct
correlation of biological markers for response be-
tween i vivo and in wvirro studies due to the
complexity of dose delivery, single vs. cocultures,
endpoint evaluations as well as other factors of

cellular interaction with different biological media
(Seagrave et al. 2005; Sayes et al. 2007); therefore,
in vivo studies are currently more relevant for risk
assessment. As such, the study described here is
designed to compare toxicity of two commonly used
commercially available, transition metal nanoparti-
cles in inhalation studies.

It is becoming increasingly clear that an integrated
approach which includes both inhalation toxicology
studies and full characterization of the nanomaterials
is necessary for understanding inflammatory re-
sponses as they relate to the physicochemical
principles of nanoparticles. The importance of
characterizing nanoparticles in health-related studies
has been recommended in a number of workshop
reports (Oberdorster et al. 2005; Balbus et al. 2007;
Powers et al. 2007; Warheit et al. 2007) and has been
used in our studies on titanium dioxide nanoparti-
cles (Grassian et al. 2007a,b). In addition, full
characterization of manufactured nanomaterials,
even when there is some physical and chemical
characterization provided by the manufacturer,
is necessary because of batch-to-batch variation,
difficulties associated with quality control for the
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production of large quantities of some nanomaterials
and difficulties with the ability to do rapid and
routine nanoparticle characterization.

Another important physicochemical factor in the
toxicity of the nanoparticles that must be determined
is the degree of nanoparticle aggregation or agglom-
eration present in airborne aerosols. According to
ASTM International (ASTM International Com-
mittee E56 on Nanotechnology, 2006), particle
agglomerates are defined as a group of particles
held together by relatively weak forces, e.g., van der
Waals or capillary, that may break apart into smaller
particles, whereas particle aggregates are defined as a
group of particles in which the various individual
components are strongly bonded together, e.g.,
fused, sintered or chemically bonded. Agglomerates
have a higher potential to disperse into smaller
primary particles. Deagglomeration can occur after
deposition in the airway surface liquid. Whether
nanoparticles deagglomerate or remain as larger
agglomerates will be an important factor in how
nanoparticles translocate or undergo clearance. If
nanoparticles cannot break apart into primary par-
ticles once deposited into the body, an important
dose metric may be the projected surface area of the
nanoparticle agglomerate (Moss and Wong 2007).
Other properties such as nanoparticle dissolution
may also be affected by agglomeration (Midander
et al. 2007). Therefore, characterizing both primary
particle and agglomerate/aggregation size is impor-
tant as it can affect deposition, clearance and cellular
responses in the body (Zhang et al. 1999; Gilbert
et al. 2004; Kakkar et al. 2004; Grassian et al.
2007b).

In the current study, an integrated approach was
used to examine the pulmonary inflammatory re-
sponses of two different types of inhaled transition
metal nanoparticles in mice. In particular, mice were
exposed to copper and iron nanoparticles with a
manufacturer’s reported average particle size of
25 nm and, according to manufacturer’s specifica-
tions, these nanoparticles have been partially passi-
vated with oxygen to form an oxide surface coating.
A relative comparison of nanoparticle toxicity was
conducted using acute and sub-acute exposures in a
whole body chamber. Bronchoalveolar lavage (BAL)
fluid cellularity, total protein, lactate dehydrogenase
activity and cytokines as well as lung histopathology
were evaluated to assess responses. In addition, these
nanoparticles were fully characterized using bulk
and surface techniques to better understand their
physicochemical properties. Dissolution studies of
nanoparticles in two artificial biological fluids were
conducted to better understand pulmonary effects of
metal nanoparticles and how they are processed
once they are inhaled and retained in the lungs.

Methods
Sources of manufactured nanoparticles

Copper and iron nanoparticles with a manufac-
turer’s stated average particle size of 25 nm were
purchased from Nanostructured and Amorphous
Materials, Inc (Houston, TX, USA) as powder
samples. The nanoparticles were used as received
from the manufacturer without modification.

Partcle characterization

The bulk crystalline phases of the nanoparticles were
determined using powder x-ray diffraction (XRD)
measurements (Bruker D-5000 q — q diffractometer
with Kevex-sensitive detector, (Madison, WI, USA).
XRD can determine the crystalline phases present
by measuring the X-ray reflections as a function of
scattering angle (Atkins and De Paula 2002).
Transmission electron microscopy (TEM) was
used to measure the primary particle size of 50
random nanoparticles and compare the average to
manufacturer’s specifications. TEM was also used to
measure agglomerate sizes of the metal nanoparticle
aerosols generated in the inhalation chamber.

Surface properties were examined by measuring
surface area and characterizing the surface composi-
tion. Surface area measurements were made on an
automated multipoint BET surface area apparatus
(Quantachrome Nova 4200e, Boynton Beach, FL,
USA) using nitrogen as the adsorbent. X-ray photo-
electron spectroscopy (XPS) was used to probe the
surface chemical composition characteristics of the
metal nanoparticles (custom-designed Ultra-Axis
XPS system from Kratos, Manchester, UK).

Dissolution studies

Acid dissolution studies were conducted to measure
the propensity of nanoparticle dissolution at differ-
ent and physiologically relevant pH values (Stopford
et al. 2003; Midander et al. 2006, 2007). The
solubility of metal nanoparticles and their interac-
tion with the cells has been shown to be an
important factor in cellular response (Knaapen
et al. 2002; Borm et al. 2006; Brunner et al. 2006;
Midander et al. 2007). The standard redox poten-
tials in oxygenated water for bulk iron and copper to
the ferrous and cupric ions were calculated to be
0.848 and 0.059 eV, respectively, inferring that iron
would more readily dissociate into ions than copper.
However, dissolution is often a kinetically and not
thermodynamically controlled process. Other con-
siderations such as the solubility of the surface oxide
and dissolution in biological fluids where ligand-
promoted dissolution can occur may be the most
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important factors in controlling nanoparticle disso-
lution.

Relevant dissolution studies were conducted in
two different types of artificial fluids, artificial
lysomal fluid (ALF) and Gamble’s solution. The
ALF fluid simulates the phagolysosomal composi-
tion and pH of alveolar and interstitial macrophages
(Stopford et al. 2003; Midander et al. 2007) and the
Gamble’s solution is used to mimic the interstitial
fluid in the lungs (Moss 1979). The ALF solution
has the largest percent by weight of citric acid for the
purpose of imitating protein binding along with
other potential ligands such as acetate to represent
organic acids present. The ALF solution has a pH of
4.5-5. Gamble’s solution also contains similar con-
stituents but the citrate concentration is much lower
and is buffered at pH 7.2-7.4 with NaHCO5. All
solutions were prepared in glassware that was acid
cleaned with 1M HCI (Fisher Scientific, reagent
grade). Optima water (Fisher Scientific) was used to
make all solutions.

Batch reactor studies were conducted on the iron
and copper nanoparticles to measure total nanopar-
ticle dissolution in the ALF and Gamble’s solutions.
These studies were conducted in 7 ml crimp-sealed
glass vials and were mixed with a magnetic stir bar.
The reactors were filled with 6 ml of the simulated
fluid and 5 mg of the metal nanoparticles were
added. The vial was immediately sealed and placed
into a water bath circulating at 38°C. The water bath
was covered with black felt to minimize any light-
induced effects and was stirred for 24 h. After this
time, solutions were sent through a syringe driven
0.2 pm filter and centrifuged for 20 min at 15,000
rpm (21,000 RCF). Several different procedures
were used for the filtering process to make certain
that the measurements of dissolved metal included
only dissolved ions and no nanoparticles were
present in solution. These included measuring
samples after filtration, after centrifugation and the
filtered solutions were also ultracentrifuged for 1 h at
70,000 rpm. The filtered solutions were analyzed
using a Varian inductively coupled plasma (ICP)
equipped with optical emissions spectrometer (OES)
detector to quantify the total amount of iron or
copper in the filtered solutions.

In some cases, following these 24-h dissolution
studies, kinetic measurements for metal nanoparticle
dissolution were performed at 38°C in a 100 ml glass
reaction vessel equipped with a water jacket to
control temperature. The experiments were run in
a 50 ml water suspension that contained 25 mg of
nanoparticles while mixed with a magnetic stir bar.
The nanoparticles were added when the desired
temperature had been reached. The first 1 ml
sample was taken immediately after the pH had
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been adjusted and then every 15 min for 1.5 h. The
dissolution experiments went for a total time of 36 h.
The pH of the system was adjusted with HCI as
needed during the reaction to maintain constant pH.

Animals

We purchased 6-week-old C57Bl/6 male mice from
The Jackson Laboratory (Bar Harbor, ME, USA).
Animals were held in quarantine for 12 days, prior
to the start of an experiment, in an on-site,
AAALAC-accredited vivarium in polypropylene,
fiber-covered cages in HEPA-filtered Thoren caging
units (Hazelton, PA, USA). They were supplied with
food (sterile Teklad 5% stock diet, Harlan, Madison,
WI) and water ad libidum and maintained on a 12-h
light-dark cycle. The average animal weight at the
time of necropsy in acute exposures was 21.4 g.
Animals exposed sub-acutely and necropsied at 0 wk
post exposure or 3 weeks post exposure had an
average weight of 22.3 g and 25.1 g, respectively.
Animal protocols were approved by the Institutional
Animal Care and Use Committee and complied with
the NIH Guide for the Care and Use of Laboratory
Animals.

Exposure chamber, aerosol generation and aerosol
characterization

The inhalation exposure system was used, as pre-
viously described (Grassian et al. 2007a,b). Briefly,
mice were placed within sectioned, open-wire
cages that were positioned in a whole-body 65-1
custom-fabricated aluminum exposure chamber
(O’Shaughnessy et al. 2003). The chamber was
operated with a flow rate of 25 | min~ ' provided
by a vacuum pump and measured with a calibrated
flowmeter.

Nanoparticles were suspended in ultra-pure water
Milli-Q® Academic A-10, Millipore Corp., Bill-
erica, MA, USA) and ultra-sonicated with a high
frequency probe (model 550, Fisher Scientific,
Pittsburgh, PA, USA) for at least 10 min. The
suspension was then atomized with a Collison
nebulizer (BGI Inc., Waltham, MA, USA) and
passed through a 110°C brass drying column as
well as a 20 mCi ®>Ni source to remove any excess
charge prior to entering the exposure chamber.
Gravimetric concentrations (mg m °) of particles
were measured in the chamber with 47-mm glass
microfiber filters (Whatman, Middlesex, UK) in line
with exhaust air flow. The temperature in the
exposure chamber during the experiments ranged
between 20-22°C and relative humidity between 25
and 35%. TEM grids were placed on the top of the
cages inside the exposure chamber for analysis of
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deposited nanoparticles. The size distribution of the
aerosol in the whole-body exposure chamber during
inhalation exposures was measured using a scanning
mobility particle sizer (SMPS) consisting of a con-
densation particle counter (Model 3010, TSI Inc.,
St Paul, MN, USA) and an electrostatic classifier
with a ‘long’ differential mobility analyzer (model
3071, TSI Inc., St Paul, MN) that measured in the
range of 7.5-311 nm. Average geometric mean
(GM) and geometric standard deviation (GSD) of
aerosol sizes in individual exposures were calculated
from the SMPS measurements.

Inhalation exposure

We used the same inhalation exposure methods as
previously described (Grassian et al. 2007a,b). We
report on the details of the experimental design,
number of animals per exposure group, resulting
exposure concentrations, and an estimate of dose
administered in Table I. Animals were exposed to iron
or copper nanoparticles acutely (4 h per day) and
necropsied within one hour after the exposure or sub-
acutely (4 hours per day, 5 days per week for 2 weeks)
and necropsied within one hour (0 wk) or 3 weeks
post exposure (3 wks). The estimated particle mass
dose per mouse was calculated assuming a minute
volume of 36 ml (Lai 1991) and total particle
deposition fraction of 0.2 (Anjilvel and Asgharian
1995). Sentinel animals served as negative controls.
We used an established rat model to estimate particle
deposition fraction since there is no available mouse
model. Furthermore, mathematical models of parti-
cle deposition using experimental data found very
small differences between mice and rats for particles
under 200 nm (Hsieh et al. 1999). Although the
concentrations for copper are relatively high com-
pared to the NIOSH recommended exposure limit for

Table I. Experimental design of sub-acute inhalation animal studies.

dust, the concentrations were needed for short-term
toxicology studies to understand the relative toxicity
of one compound to the other and to determine the
major outcome variables.

Evaluarion of Bronchoalveolar lavage (BAL) fluid

Animals were euthanized with an overdose of
halothane and exanguinated through the heart.
Lungs were lavaged three times with 1 mL of sterile
0.9% sodium chloride solution (Baxter, Deerfield,
IL, USA). Recovered BAL fluid was centrifuged and
the cell pellet was used for enumeration of total and
differential cell counts. The lavage supernatants
were split into aliquots and frozen at —80°C for
analysis of total protein, lactate dehydrogenase
(LDH) activity and cytokine levels. Total protein
was determined using a Bradford protein assay (Bio-
Rad Laboratories, Inc., Hercules, CA, USA). Activ-
ity of LDH in BAL fluid supernatant was measured
spectrophotometrically with a commercially avail-
able detection kit (Roche Diagnostics, Penzberg,
Germany). The concentrations of 23 cytokines and
chemokines were measured in the supernatants of
BAL fluids of animals exposed sub-acutely using
multiplexed fluorescent bead-based immunoassays
(Bio-Rad Laboratories, Inc., Hercules, CA). These
included interleukin (IL)-1a, IL-18, IL-2, IL-3, IL-
4, IL-5, IL-6, IL-9, IL-10, IL-12 (p40), IL-12
(p70), 1L-13, IL.-17, Eotaxin, granulocyte colony-
stimulating factor (G-CSF), granulocyte macrophage
colony-stimulating factor (GM-CSF), interferon
(IFN)-y, keratinocyte-derived cytokine (KC)
(a.k.a. CXCLI1), monocytye chemotactic protein
(MCP)-1, macrophage inflammatory protein
(MIP)-1a, MIP-18, regulated upon activation, nor-
mal T-cell expressed and secreted (RANTES) (a.k.a.
CCL5), and tumor necrosis factor (TNF)-o.

Particle concentration in the

Exposure group chamber, mg m >

Estimated particle mass/

Calculated particle surface
mouse, pg® area, cm? © n

Acute exposure
Sentinels -
Fe 7.62
Cu 6.23

Sub-acute exposure
Sentinels -
Fe 0 wk? 3.55
Fe 3 wks?
Sentinels -
Cu 0 wk?* 3.68
Cu 3 wks?

13.2 2.2
10.8 1.3

[N

61.3 10.4

63.6 7.6

CO 00 00 00 0O O

aAnimals were necropsied 0 week (0 wk) or 3 weeks (3 wks) post exposure; *Assuming a minute volume of 36 ml and particle deposition of

0.2; “Calculated based on measured BET surface areas.
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Lung histopathology

After myocardial exsanguination and recovery of
BAL fluid, lungs were perfused with sodium chloride
and fixed in 10% formaldehyde-phosphate-buffered
saline solution via the canulated trachea. The tissue
was subsequently paraffin-embedded, sectioned at 5
pm, and stained with hematoxylin and eosin (H & E)
as previously described (Thorne et al. 2006). The
tissue sections were qualitatively assessed for histo-
pathologic abnormalities by a pathologist via routine
light microscopy. The histologic variables assessed
included: abnormalities of the parenchymal archi-
tecture (bronchioles, alveoli, pleura, and vascula-
ture); abnormal inflammatory infiltrates; presence or
absence of acute lung injury; and presence or
absence of fibrosis. We also utilized a semi-quanti-
tative scoring system for inflammatory response that
was based on the system used by Hamelin et al.
(2006). The lungs were assessed for: (i) extent of
inflammation (scored in four levels such as 0=
normal, 1 =minimal increase, 2 =moderate in-
crease, 3 =severe increase and/or necrosis and 4 =
architectural distortion due to inflammation); and
(i) type of inflammation (scored as follows: a =
acute inflammatory cells, b =chronic inflammatory
cells and c=mixed inflammatory cells). Briefly,
inflammatory cells can be broadly grouped into cells
that participate in the early (acute) stage of inflam-
mation versus those that participate in the latter
stages of inflammation (chronic). Broadly stated, the
predominant inflammatory cell type of acute inflam-
mation is the neutrophil; the predominant cell of
chronic inflammation is the lymphocyte. If both
acute and chronic inflammatory cells are present
within an inflamed portion of tissue, the term ‘mixed
inflammation’ is utilized.

Determination of metals in lung tissue

Lung tissues from two mice in each acutely exposed
group were not lavaged but stored at —80°C
immediately after harvesting. Lung tissue was
weighed and total amounts of iron or copper in
lung tissues were determined. High purity nitric acid
(Fisher Optima® grade) was used to digest the tissue
at 95-98°C. Digestate was diluted to 20 ml with
deionized water and metal analysis was performed
using inductively coupled plasma mass spectrometry
(ICP/MS), ELAN DRC II (Perkin-Elmer, Waltham,
MA, USA). The instrument was fitted with a glass
(Meinhard) nebulizer and a quartz cyclonic spray
chamber. The plasma was operated at 1100 W with
the following gas flow rates (ml min~'): Nebulizer
0.95, auxiliary 1.2, plasma 15.5. Rhodium was used
as an internal standard at 10 ug 1~ !. For iron
analysis only, the dynamic reaction cell was purged
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with argon at 0.6 ml min ' to reduce interferences
from ArO*.

To visualize a distribution of iron or copper
nanoparticles in lung tissues, we stained the tissues
with Perls Prussian Blue Stain or Rhodanine Stain,
respectively. Ferric salts are stained as deep blue and
copper deposits are observed as brick red. We freely
deposited dry nanoparticles on microslides and fixed
them with fetal calf serum using a Shandon Cytospin
4 (Thermo Fisher Scientific, Inc., Waltham, MA,
USA) for use as positive controls. Furthermore, to
imitate the environment in the respiratory system,
we put 2 mg of particles into 3.5 ml of artificial
lysosomal fluid (ALF) with pH ~4.5 and placed the
vials on the shaker for approximately 4 h and then
prepared a microslide the same way as with dry
particles.

Statistical analyses

We compared data from animals exposed to iron or
copper nanoparticles to controls (sentinels) using a
t-test for unequal variances (SAS Ver. 9.1, SAS, Inc.,
Cary, NC, USA). Each set of exposures, had their
own controls, as shown in Table I. Comparisons
between groups exposed to iron and copper nano-
particles were also conducted. A p-value less than
0.05 was considered significant.

Results
Particle characterization

XRD patterns of the iron and copper nanoparticles
are shown in Figure 1 along with reference diffraction
patterns for each of the metals along with diffraction
patterns of common oxides for these metals. For iron
nanoparticles, three phases are present in the sample;
Fe (metallic iron), Fe;O,4 (magnetite) and y-Fe,O5;
(maghemite). The presence of these oxide phases was
expected given these metallic nanoparticles are
partially passivated with oxygen as reported in the
manufacturer’s specifications. X-ray diffraction pat-
terns for other common forms of iron oxide such as
o-Fe,O3 were also compared but not seen to be
present in the iron nanoparticle sample. XRD of the
copper nanoparticles also shows the presence of three
phases, Cu (metallic copper), Cu,O (cuprite) and
CuO (tenorite) as the reference patterns for these
three phases (Downs and Hall-Wallace 2003) match
the copper nanoparticle diffraction pattern. A dia-
gram of the nanoparticles containing the three phases
is shown in Figure 1 showing a metallic core with an
oxide surface coating. The most oxidized phase is
present at the surface as determined from surface
spectroscopy (vide infa).
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Figure 1. (A) The powder XRD pattern of iron nanoparticles is
shown along with reference patterns for metallic Fe, Fe;0,4 and y-
Fe,03. (B) The powder XRD pattern of copper nanoparticles is
shown along with reference patterns for metallic Cu, Cu,O and
CuO. Pictorial representations of iron and copper nanoparticles
with these different phases are shown as well. The nanoparticle
consists of a metallic core with a gradient of oxidized phases. The
most oxidized phase is at the surface (see text for further details).

The particle size and morphology of the iron and
copper nanoparticles were examined using TEM
(Figure 2). The TEM images are of the nanoparticle
agglomerates collected in the whole body chamber
during animal exposure. The iron nanoparticle
agglomerate is seen in the left image of Figure 2A.
Individual iron nanoparticles can be seen in the right
for a higher magnified image. The average primary
size of the iron nanoparticles was determined to be
25+2 nm from measuring 50 randomly selected
nanoparticles that could be easily distinguished from
others in an agglomerate. The iron nanoparticles
appear in the image on the right to show a core of
iron and an oxide coating approximately 3.5 nm in
thickness.

Figure 2B shows TEM images of the copper
nanoparticles at two different magnifications. These
images show that the copper nanoparticles are
smaller than the manufacturer’s stated average
particle size of 25 nm. An average primary particle

size of 1241 nm was measured from over 50
randomly selected nanoparticles. The iron and
copper nanoparticles produced an aerosol with a
GM near 200 nm and GSDs of 1.3, indicating the
production of agglomerates much bigger than the
primary particle sizes but with a narrow distribution
(Table II).

Surface area measurements for the iron and
copper nanoparticles yield a BET surface area of
17+1m?g ! and 124+0.2m?g~ !, respectively.
Geometric surface areas of the two nanoparticles
based on bulk densities of iron and copper metal
were calculated to be higher, 35 m? g_1 and
60 m>g ', respectively. Surface characterization
data for the iron and copper nanoparticles using
XPS are shown in Figure 3 for the Fe 2p and Cu 2p
regions, respectively. For the iron nanoparticles,
reference spectra collected for y-Fe,O3 and Fe;0y,
the two phases identified in XRD, are also shown.
Based on the shape and peak positions, XPS shows
that the chemical composition and phase of the
surface of the nanoparticles is y-Fe,Os;. The TEM
and XPS data allows us to surmise that within the
nanoparticles there exists an oxygen concentration
gradient from the center of the nanoparticle which
has no oxygen in the most reduced state (metallic
iron, Fe®) to the surface of the nanoparticle which is
the most oxidized state (maghemite, Fe?> 7) as shown
in Figure 1. Under ambient conditions of tempera-
ture and relative humidity, oxide surfaces will be
truncated with oxygen, surface hydroxyl groups and
adsorbed water (Al-Abadleh and Grassian 2003).

The copper nanoparticles show a photoelectron
peak with a binding energy of 934.0 eV as well as
satellites peaks characteristic of d° metals at higher
binding energies (Wu et al. 2006). The reference
XPS data for CuO is very similar to that of the
copper nanoparticles whereas the Cu,O spectrum is
qualitatively and quantitatively very different with an
intense peak in the spectrum at 932.8 eV not present
in the copper nanoparticle spectrum. These data are
consistent with previous studies that oxide copper
metal nanoparticle surfaces are Cu(Il) oxide, i.e.,
CuO (Yin et al. 2005).

Surface chemistry — dissolution studies

Dissolution is a surface phenomenon and here we
investigated the propensity of iron and copper
nanoparticles to dissolve into ions under physiologic
conditions. The solutions were designed to represent
dissolution in the airway surface liquid or in the
macrophage phagolysosome and have considerably
different pH values. The ALF solution has a large
amount of citric acid simulating the proteins released
to dissolve foreign materials. In the ALF solutions,
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Figure 2. (A) TEM images of iron nanoparticle agglomerates generated in the exposure and collected in the whole-body inhalation
chamber are shown. On the left, is a representative agglomerate formed in the chamber consisting of interlinking chains of particles. The
TEM image on the right is a magnified view of a few single iron nanooparticles in an agglomerate. The isolated nanoparticles appear to
show an iron core surrounded by an oxide coating. (B) TEM images of the copper nanoparticle agglomerates generated during exposure
and collected in the whole-body inhalation chamber. The TEM on the left is a representative agglomerate formed in the chamber. The
magnified view of the agglomerate is shown on the right. It can be seen that smaller particles form a dense agglomerate and that the primary
particle size for the copper nanoparticles is around 12 nm. See text for futher details.

both iron and copper nanoparticles completely
dissolved (see Figure 4) and the complete dissolu-
tion occurred in less than 3 h. Figure 4 shows the
percentage of dissolved metal that was in solution
after reaction from the original solid concentration
added.

Because there are oxides layers present on both
nanoparticles, the amounts of total iron and copper
in the nanoparticles were determined by totally
dissolving the metals in 1 M HCI solutions and the
average of n >3, was used as the amount of metal per
weight of nanoparticles to determine total metal
content of the nanoparticle suspension. For the iron
nanoparticles, 80 +2% by weight was found to be
elemental iron and for copper nanoparticles this was
92+3% by weight. In acidic solutions, where pH
was held relatively constant between 4.5-5.0 with
the addition of HCI, there were very small amounts
of soluble metal detected in solution after 24 h at
38°C for both iron and copper nanoparticles sug-
gesting that the dissolving ions from the ALF
solution were due to presence of the citric acid

(Gorantla et al. 2005). This mechanism was further
examined in a citric acid solution containing equal
parts citric acid and sodium chloride adjusted to pH
4.5 with NaOH as in the ALF recipe. This citric acid
solution also showed complete dissolution of both
the copper and iron nanoparticles. Furthermore,
there were also color changes of the solution seen as
the nanoparticles dissolve in the ALF solution.
Copper and iron ions were visibly bright blue and
yellow, respectively, in ALF solutions.

In the Gamble’s solution, representing airway
surface liquid, there was a distinct difference in the
amount of dissolved ions between iron and copper
(Figure 4). The iron nanoparticles did not dissolve
in the Gamble’s solution after 24 h. In contrast,
there was a measurable amount of dissolved copper
in the Gamble’s solution present at approximately
2% of the initial amount added to the reactor.
Kinetic measurements showed that all copper dis-
solved in the first 60—70 min of the reaction after
which no further dissolution occurred. Table II
provides a summary of the physicochemical data
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Table II. Summary of physiochemical characterization data of
iron and copper nanoparticle aerosols.

Iron Copper
nanoparticles nanoparticles
Primary particle size 2542 nm 1241 nm
Crystalline or Crystalline Crystalline

amorphous material
Crystalline phases Fe, Fe;0,4, y-Fe;,0O5 Cu, Cu,0, CuO
Surface phase v-Fe,O5 CuO
Surface functionality 0O, O-H and H,O 0O, O-H and H,O

Surface area

BET S.A. 17+1m?> g~ ! 1240.2m?* g~ !
Geometric S.A.* ca.35m?g ! ca. 60m?g!
Nanoparticle pH 7.2«1% pH7.2~1.1%
dissolution** pH 4.5 ~100% pH 4.5 ~100%

Aerosol size distribution***

Acute exposure 187.0 (1.3) 187.9 (1.3)
Sub-acute 199.9 (1.3) 190.1 (1.3)
exposure

Surface area (S.A.); *Calculated from bulk weighted average
densities of metal and metal oxides; **Nanoparticle dissolution
measured at 38°C unless otherwise noted; ***GM, nm, (GSD) in
exposure chamber.

for the nanoparticles including the dissolution stu-
dies results.

Acute exposure

Total and differential cell counts recovered from
BAL fluid in animals exposed acutely to iron
or copper nanoparticles were not significantly dif-
ferent than sentinel mice (Figure 5). However, the
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concentration of total protein was significantly
(»p<0.01) increased in animals exposed to copper
in comparison to sentinels or iron exposed animals
(Table III). We did not find significant changes in
activity of LDH in BAL fluid of particle-exposed
animals compared to controls. Total amounts of iron
and copper in lung tissues in acutely exposed
animals were measured by ICP/MS. The amount
of iron measured in lungs of iron-exposed animals
after subtracting the amount of iron found in
sentinels, was 50 mg/kg lung (wet weight). When
we subtracted the amount of copper found
in sentinels from the average total of copper in
copper nanoparticle-exposed mice, the value was
16.1 mg/kg lung (wet weight). According to our
calculations, assuming a minute volume of 36 ml
and particle deposition of 0.2, we estimated that
the mass of particles delivered to the lungs to be
118 mg/kg lung (wet weight) of iron particles and
100 mg/kg lung (wet weight) of copper particle.

Sub-acute exposure

Neutrophilia were observed in animals exposed sub-
acutely to iron or copper particles and necropsied at
0 wk post exposure (4.1% and 51.2%, respectively).
The total number of cells as well as number of
macrophages and lymphocytes in BAL fluid was also
increased in these two groups of animals compared
to sentinels; however, this increase was more
predominant in animals exposed to copper than
in the iron-exposed group (Table III and Figure 5).
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Figure 3. (A) XPS in the Fe 2p region is shown for iron nanoparticles along with reference spectra for Fe;0,4 and y-Fe,O5. Based on the
similarities in peak position for all the peaks, the surface phase appears to be y-Fe,05. (B) XPS in the Cu 2p region is shown for copper
nanoparticles along with reference spectra for of CuO and Cu,O. The copper nanoparticles and CuO spectra are nearly identical and differ

from the Cu,O spectrum.
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Figure 4. Summary of the dissolution experiments conducted in
Gamble’s and ALF solution for copper and iron nanoparticles.
The data are shown as the percent metal dissolved, M/M,, x 100,
where M is the amount dissolved in 24 hours at 38°C and M, is
the total metal content of the nanoparticles. The amount of
dissolved iron in the Gamble’s solution was below the limit of
detection. The error bars represent triplicate measurements.

At 3 weeks post exposure, lung cells returned to
baseline values for iron nanoparticle-exposed mice,
but were still significantly increased for copper
nanoparticle-exposed animals. Total protein levels
and activity of LDH in BAL fluid were not sig-
nificantly different for iron-exposed animals com-
pared to sentinels. However, protein and LDH were
significantly increased in mice exposed to copper
nanoparticles and necropsied 0 wk post exposure.
The concentration of total protein was nine times
higher than sentinels and activity of LDH was 5.5
times higher than sentinels. At 3 weeks post ex-
posure, these outcome variables had returned to
baseline values in the copper-exposed mice.
Concentrations of the following cytokines/chemo-
kines in BAL fluid in sentinels and in iron-exposed
animals necropsied 0 or 3 weeks post exposure were
below the lower limit of detection (LLOD, pg
ml™): IL-3 (0.3), IL-4 (0.2), IL-5 (0.3), IL-10
(3.0), IL-12(p70) (0.2), INF-y (0.1), MCP-1 (3.4),
I1L-17 (0.1), MIP-1a (2.0) and Eotaxin (43.9). The
cytokine concentrations for iron-exposed animals are
shown in Figure 6. In comparison with sentinels, KC
(p <0.01), TNF-a (p <0.02) and G-CSF (p <0.05)
levels were significantly increased in the group
necropsied immediately post exposure. At 3 weeks
post exposure, TNF-a (p <0.05), IL-2 (p <0.05)
and IL-13 (p <0.05) remained significantly higher
than sentinels, however these elevations were of
limited biological significance. In copper nanoparti-
cle-exposed animals necropsied at 0 wk post ex-
posure, all cytokine/chemokine concentrations in
BAL fluid that we measured were significantly

Exposure to Cu and Fe nanoparticles 197

5 >
o
o
‘

mmm Macrophages
1 Neutrophils
== Lymphocytes

L1

100 4

[N
L

Number of Cellsin BAL Fluid x 103/ Mouse
=
o

0.1
Sentinels Fe
Acute Exposure
B
1000 wmmm Macrophages i
1 Neutrophils
= Lymphocytes o

*k

=

o

o
L

b x|

[N
1

N R

T T T T

Sentinels 0wk 3wks Sentinels  Owk  3wks
post Fe Exp post Cu Exp

Number of Cellsin BAL Fluid x 103/ Mouse
=
o

Figure 5. Number of cells in BAL fluid from animals acutely (A)
and sub-acutely (B) exposed to iron and copper nanoparticles.

increased except IL-2, IL-9 and IL-13 (p <0.001:
IL-10, IL-5, IL-12p40, GM-CSF, KC, MCP-1,
MIP-1B3, RANTES, IL-1B, TNF-a, IL-6, IL-17,
G-CSF, MIP-10; p <0.01: IL-3, IL-4, IL-10, IL-
12p70, INF-y and p <0.05 for Eotaxin). After 3
weeks post exposure, all cytokine/chemokine
concentrations had returned to baseline values
(Figure 7).

Histopathology evaluation of the lungs from
animals exposed to iron showed no signs of pathol-
ogy. Micrographs of lung sections from exposed and
sentinel animals are shown in Figure 8. In copper-
exposed animals euthanized at 0 wk post exposure,
we found perivasculitis and alveolitis (Figure 8A,
8B). Perivasculitis with minimal increase of inflam-
mation and chronic inflammatory cells (score 1b)
was found in all animals in this group. Alveolitis with
minimal increase of inflammation and acute inflam-
matory cells (score 1a) was revealed in 88% (7 out of
8) animals in this group. There were no signs of
fibrosis, peribronchiolitis or interstitial pneumonitis
in any animals exposed to either nanoparticles or
sentinels. Lung tissues from copper-exposed mice
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Table III. Total protein and activity of LDH in BAL fluid for acute and sub-acute exposures.

Animal group

Total number of cells/mouse x 103iSE

Total protein, ng/ml+SE LDH activity, U/LL+SE

Acute exposure

Sentinels 40.84+6.5
Iron 36.0+4.0
Copper 38.7+6.3
Sub-acute exposure
Iron
Sentinels 43.04+6.7
0 wk 97.34+15.5%*
3 wks 42.5+8.9
Copper
Sentinels 57.6+11.3
0 wk 1460.0 +153.0***
3 wks 188.8 +£17.2***

76+6 22+7
68+3 16+1
156 +19%* 2444
17149 6445
144420 50+11
14148 30+4
10349 3144
959 +138** 177 +32%*
100+4 2943

Values are expressed as mean and standard error; *p <0.05, **p <0.01, ***p <0.001 significantly different from sentinels.

necropsied 3 weeks post exposure (Figure 8C, 8D)
and from sentinel mice (Figure 8E, 8F) were
evaluated as normal.

Figure 9 shows the distribution of iron and copper
nanoparticles in stained lung tissues. Our positive
controls showed deep blue-stained nanoparticles for
iron (Figure 9E) and brick red-stained nanoparticles
for copper (Figure 9F) with dry particles using the
Perls Prussian Blue Stain or Rhodanine Stain,
respectively. We located free iron nanoparticles
especially in the lung tissues harvested from animals
necropsied immediately post exposure as well as
engulfed in macrophages (Figure 9A). In lung tissues
harvested from animals 3 weeks post exposure, the
majority of iron nanoparticles were found inside the
macrophages (Figure 9B). In copper exposed lungs,
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Figure 6. Cytokine/chemokine concentrations in BAL fluid in
animals sub-acutely exposed to iron nanoparticles. The concen-
trations of following cytokines/chemokines in BAL fluid were
bellow lowest limit of detection (LLOD): IL-3, IL-4, IL-5, IL-10,
IL-12(p70), INF-y, MCP-1, IL-17, MIP-1a and Eotaxin. In
comparison with sentinels KC, TNF-o and G-CSF levels were
significantly increased in group necropsied immediately post
exposure. Data from sentinels were considered as baseline data.

there was no visual evidence of the presence of free
nanoparticles or engulfed in macrophages at 0 or 3
weeks post exposure (Figure 9C, 9D).

Discussion

The purpose of the current study was to characterize
pulmonary responses to inhaled iron or copper
nanoparticles in healthy mice and compare their
toxicity. We tested this using acute and sub-acute
inhalation exposure models. These two different
transition metal nanoparticles were fully character-
ized using bulk and surface methods. Although both
nanoparticles were reported by the manufacturer to
have average particle sizes of 25 nm, the copper
nanoparticles were found to be approximately half
the reported value but had a very narrow distribu-
tion. The iron nanoparticles were measured to be
25+2 nm (Table II). Despite these differences in
nanoparticle primary size, nanoparticle agglomerates
were of comparable size with geometric mean mobi-
lity diameters between 187 and 200 nm (Table II).

Both metal nanoparticles were passivated with
oxygen in the manufacturing process and XRD
patterns of the iron and copper nanoparticles
showed the presence of three distinct phases. XPS
data provided spectral evidence for an outermost
surface coating of the most oxidized phase, y-Fe,O5
and CuO, for iron and copper nanoparticles, respec-
tively. Both nanoparticles have a concentration
gradient of oxidation from a core of reduced metal
to a layer of a partially oxidized phase to a surface
layer of a completely oxidized phase. It is important
to understand the structural make up of the particles
because the surface-cellular interactions will play a
key role in the biological response and chemical
properties, e.g., the solubility will depend on surface
composition and surface reactivity.
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Figure 7. (A, B, C) Cytokine/chemokine concentrations in BAL
fluid in animals sub-acutely exposed to copper particles. In
comparison with sentinels, all concentrations except IL-2, IL-9
and IL-13 were significantly increased in animals necropsied at 0
week post exposure.

The results of our murine exposures show the
copper nanoparticles to be significantly more toxic
than iron nanoparticles. For the sub-acute exposure,
there was a greater inflammatory response for
copper than iron nanoparticles in mice necropsied
immediately after exposure as evidenced by higher
numbers of macrophages and neutrophils, higher
concentration of total protein, increased LDH
activity (Figure 5), elevation of a large number of
cytokines (Figures 6 and 7) and histopathological
evidence (Figure 8). In the iron exposure, only a
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small number of neutrophils (200-fold less than
copper) were present in the BAL fluid in mice
necropsied immediately after exposure indicating
the presence of less inflammation.

The pro-inflammatory cytokine TNF-o was sig-
nificantly elevated only in BAL fluid recovered from
copper-exposed lungs. As observed in a previous
inhalation study in rats, exposure to carbon black
particles may be responsible for monocyte/macro-
phages recruitment (Driscoll et al. 1996). Out of all
cytokines measured, MCP-1 was elevated the most
in the sub-acute copper nanoparticle-exposed group
(from 3.4 in sentinels to 4398.1 pg/ml in group
necropsied immediately post exposure). This in-
crease was consistent with increased numbers of
BAL macrophages. Other cytokines/chemokines that
were highly elevated in copper nanoparticle-exposed
animals were IL-12 (p40), MIP-1a, KC, Eotaxin
and RANTES. Interestingly, we observed augmen-
tation of IL-12 (p40) cytokine that is known to be
elevated with pro-fibrogenic exposures (Shvedova
et al. 2007). The levels increased from an average
concentration of 35 pg/ml in controls to 1211 pg/ml
in animals exposed to copper nanoparticles, however
we did not find fibrotic changes in lung tissues in
animals necropsied immediately or 3 weeks post
exposure (Figure 8).

Furthermore, in the iron nanoparticle exposure all
parameters measured in BAL fluid of lungs returned
to baseline values 3 weeks post exposure. This was
not true for copper nanoparticle-exposed animals.
Though the number of inflammatory cells decreased,
they were still significantly elevated 3 weeks post
exposure compared to controls. All other parameters
including lung tissue pathology returned to normal
values for both the iron and copper nanoparticle-
exposed mice. Perivasculitis and alveolitis (inflam-
matory cells, primarily lymphocytes, surrounding a
blood vessel and a bronchiole) were found in lung
tissue of copper nanoparticle-exposed animals. How-
ever, there was no evidence for peribronchiolitis as is
commonly seen with exposure to pro-inflammatory
particulate matter. The absence might be an indica-
tion of particle translocation to the blood.

The acute exposure study was conducted to
determine if the induction of inflammatory re-
sponses required multiple exposures. Acute 4-h-
exposure to either iron or copper nanoparticles at
twice the daily exposure levels used in the subacute
study produced no significant changes with the
exception of total protein concentration in copper
nanoparticle-exposed animals. The low inflamma-
tory response in the acute study suggests that
repeated exposures were needed to achieve a suffi-
cient lung burden or to overwhelm clearance and
repair mechanisms.
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Figure 8. Micrographs of lung sections stained with H&E from mice sub-acutely exposed to copper nanoparticles and necropsied
immediately after the last exposure (A, B), mice exposed to copper particles and necropsied 3 weeks post exposure (C, D) and sentinels (E,
F). The areas indicated by the box in the low magnification figures are shown at higher magnification in the micrographs.

The physical and chemical properties of the
nanoparticles can also change following deposition
into the lungs. Metal nanoparticle properties may
change due to the presence of phagocytes, different
pH environments or through interaction with cellu-
lar components. Dissolution of the nanoparticles
and the concomitant change in nanoparticle size,
once inhaled, could lead to time dependent changes
in the inflammatory response. The copper, but not
the iron, nanoparticles were shown to partially
dissolve in the Gamble’s solution, whereas no
detectable iron was measured in the same solution.
Although copper is an essential trace element, excess
copper intake has been shown to be toxic (Chen
et al. 2006) and induce pulmonary inflammation
characterized by increased neutrophils (Rice et al.
2001). The results reported here are consistent with

previous studies of copper materials in artificial and
biological media, e.g., saliva, lung fluid or blood,
which had a propensity to dissolve (Chen et al. 2006;
Midander et al. 2007). Furthermore, it was also
shown that the initial rate of dissolution of copper
and copper oxides was higher for materials with
higher surface areas compared to sheeted copper
patina in almost all solutions (pH ranging from 4.5—
7.4) (Midander et al. 2007) as well as in i vitro and
in vivo studies (Meng et al. 2007).

Iron exposure studies in rats suggest that addition
of soluble transition metals (iron salts) to ultrafine
particles (carbon black) can enhance production of
inflammation (Wilson et al. 2002). The enhance-
ment or singular cause of inflammatory response in
transition metals has been shown to be proportional
to the solubility of the metal in the biological
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Figure 9. Lung tissues were stained to illuminate iron (deep blue) and copper (brick red) nanoparticles. The distributions of iron and
copper stained nanoparticles in lung tissues (A, B, C, D), as dry powder (E, F) are shown. Iron nanoparticles were visible in lung sections at
both 0 and 3 weeks post exposure (A, B), but copper nanoparticles were not visible in the lung tissue (C, D). Nanoparticles deposited on the

slide as dry powder (E, F) were used as positive controls.

media (Knaapen et al. 2002; Borm et al. 2006;
Brunner et al. 2006; Midander et al. 2007). Although
both soluble and insoluble metal nanoparticles
produce inflammatory responses, the pathways for
inflammation differ. Exposures of copper nanoparti-
cles and soluble copper salts to zebrafish showed
there were differences in the biological responses that
could not be explained simply by amount of dissolu-
tion (Griffitt et al. 2007). Exposure studies using
fully oxidized iron nanoparticles, y-Fe,O3, demon-
strated dose-dependent inflammatory responses with
sizes ranging from 20-140 nm at a dose of 57 and 90
pg/m> (Zhou et al. 2003). Fe,O5 particles 5-12 nm in
diameter suppressed PC12 cell function during in
vitro studies also in a dose dependent trend (Pisanic
et al. 2007), but large inflammatory responses were
not observed in the current inhalation studies.

In the studies reported herein, iron nanoparticles
did not dissolve in Gamble’s solution up to 48 h.
Although the iron nanoparticles did completely
dissolve in the ALF fluid, there were accumulated
nanoparticles in the macrophages shown in Figure 9.
Alveolar macrophages are key cells in initiating
inflammation and oxidative stress responses. Pre-
vious studies have shown that iron oxide particles had
very low solubility, were less capable of producing
reactive oxygen species (ROS), and did not cause
inflammatory responses after intra-tracheal instilla-
tion to rats (Lay et al. 1999). Because iron metal
would have a greater propensity to dissolve in the
interstitial and phagolysomal fluids than iron oxide
and enhance inflammatory response as seen in
previous studies, this indicates that the inflammatory
response of the iron nanoparticles in our study may
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be more a function of the outer oxidized layer rather
than the iron core. Reduced iron would more readily
dissolve in the Gamble’s fluid creating more soluble
ions in solution. The enhanced effect of soluble metal
may activate the macrophages increasing the inflam-
matory response as was seen in previous studies.
Furthermore, the low biological response is consis-
tent with other magnetic nanoparticle studies that
were conducted on different compositions being used
in medicinal applications that were found to be
nontoxic (Kim et al. 2006).

As mentioned previously, the relatively high con-
centrations of copper nanoparticles did not show a
large inflammatory response in the acute studies and
the clearance could have been sufficient not to
overburden the lungs. Interestingly for the sub-acute
exposures, the copper nanoparticles were never seen
in lung histopathology accumulating in macrophages
at zero or three weeks post exposure while the iron
nanoparticles were clearly visible at both time points
(Figure 9). The absence of peribronchiolitis along
with no accumulation suggests the possibility of
translocation out of the pulmonary system to other
organs. Translocation of copper nanoparticles has
been reported by Chen et al. (2006). They showed
the main target organs were the kidney, liver and
spleen when mice were exposed to 23 nm copper
particles. In addition, these organs showed signifi-
cant change in color and size in exposed mice. The
nanoparticles also could have been well dispersed in
the interstitial spaces creating small agglomerates,
too small to be seen with the optical microscope.

Copper particles have been reported to produce
oxidative stress in the cells through hydroxyl radical
and hydrogen peroxide production (Valko et al.
2005). Oxidative stress may not be the only mechan-
istic pathway to cellular toxicity for iron and copper.
It has been suggested that transition metals induce
pulmonary inflammation by different pathways or
combination of signals, as it was shown in rat
instillation exposures to metal sulfates (Rice et al.
2001). Monitoring the different cytokine levels in
exposure studies can give valuable information on
the type of injury or response occurring because
specific cytokines partially control inflammatory
processes by recruiting inflammatory cells to the
lungs after exposure to foreign particles (Driscoll et
al. 1997). In the studies conducted by Rice et al.
(2001) copper sulfate salt was shown to be the most
proinflammatory (high neutrophilia) and cytotoxic
metal from all other metal sulfates studied (vana-
dium, nickel, iron(II), manganese and zinc).

Data from previous studies indicates that size and
the amount of soluble ions in solution increase the
inflammatory response. Thus, it is reasonable to
hypothesize that smaller nanoparticles with greater

surface area will have a larger propensity of metal
dissolution resulting in an increased inflammatory
response. Because copper nanoparticles were not
found in stained lung micrographs in macrophages
or in the interstitial spaces, the increased response
may be a combination of translocation and soluble
metal ion activity. As the copper nanoparticles
undergo dissolution, they will yield dissolved ions
and concomitantly decrease in size below 10 nm in
diameter based on the extent of dissolution. It is
important to recognize change in size may alter the
physicochemical properties of the nanoparticles
requiring further considerations. For example, there
will be changes in the electronic properties of the
nanoparticles, as suggested by the change in
the copper nanoparticle color during dissolution,
as the nanoparticles change size. Therefore, the
interaction with the biological media will change as
the nanoparticles become smaller and could deag-
glomerate in a more acidic environment. Changes in
surface reactivity will affect nanoparticle-cellular
interactions. Ultimately, further studies using state-
of-the-art imaging techniques that can follow
nanoparticles i vivo are needed to address these
possibilities.

Conclusion

The sub-acute and acute exposure studies con-
ducted were designed to examine the inflammatory
response of two transition metal nanoparticles in
mice, copper and iron. Copper nanoparticles in-
duced a greater inflammatory response based on
neutrophilia, macrophages and total cell count from
the BAL fluid as well as an increase in almost all
cytokine levels measured when compared to the iron
nanoparticles in the sub-acute studies. Histopathol-
ogy of the lungs 0 and 3 weeks post exposure showed
no presence of copper where as iron was found
accumulating in macrophages. In vitro dissolution
studies showed a greater propensity of copper to
dissolve in the biological fluid increasing ion con-
centration and concomitantly decreasing the size of
the nanoparticles. The increased inflammatory re-
sponse of copper in the mouse model is proposed to
be associated with the nanoparticle size and in-
creased ion concentration produced from the dissol-
ving nanoparticles i vivo.
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