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We have previously demonstrated
that nano-ZnO exerts toxicity in
mammalian cells as a result of

particle dissolution in the tissue culture med-
ium as well as intracellularly.1,2 Zn2þ shedding
during intracellular dissolution induces lysoso-
mal damage, [Ca2þ]i flux, mitochondrial per-
turbation, generation of reactive oxygen spe-
cies (ROS), excitation of pro-inflammatory
responses, and cell death.1,2 We have also
shown that altering the ZnO matrix through
Fe doping decreases particle dissolution in
tissue culture media, leading to a reduction
in toxicological responses using a rapid
throughput screening assay that includes the
above responseparameters.1 Thekeyquestion
now is whether the reduced toxicity in vitro is
also reflected by a reduction of toxicity in the
lungs of rodents, which are known to exhibit
pro-inflammatory effects to ZnO as well as in
zebrafish, where this material interferes in
embryo hatching.3,4 The use of pulmonary
inflammation as a basis for tracking in vivo

ZnO toxicity in rodents is relevant to an occu-
pational exposure condition in humans that is
also characterized by acute inflammation.5-7

Metal fume fever (MFF) develops inwelders as
a result of inadvertent exposure to ZnO and
other metal oxide fumes.5-7 The condition is
characterized by high fever and pulmonary
symptomsduetoacutecytokineandchemokine
(e.g., IL-8, IL-6, and TNF-R) generation in the lung,
leading to acute inflammation.5,6,8 This is similar
to the acute increase of TNF-R and IL-6 seen in
mice and rats after acute ZnO exposure.9,10

Consideration of the environmental im-
pact of ZnO is also becoming more relevant

in light of the high use volume of this
material in consumer products such as
sunscreen products that could make their
way to the environment via wastewater
systems.11 Nano-ZnO has been classified
as “extremely toxic” in the environment.11

Although we do not know how much en-
gineered ZnO nanoparticles gain access to
the environment, it is important to develop
relevant environmental models and senti-
nel species that can be used to screen for
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ABSTRACT We have recently shown that the dissolution of ZnO nanoparticles and Zn2þ

shedding leads to a series of sublethal and lethal toxicological responses at the cellular level that can

be alleviated by iron doping. Iron doping changes the particle matrix and slows the rate of particle

dissolution. To determine whether iron doping of ZnO also leads to lesser toxic effects in vivo, toxicity

studies were performed in rodent and zebrafish models. First, we synthesized a fresh batch of ZnO

nanoparticles doped with 1-10 wt % of Fe. These particles were extensively characterized to

confirm their doping status, reduced rate of dissolution in an exposure medium, and reduced toxicity

in a cellular screen. Subsequent studies compared the effects of undoped to doped particles in the rat

lung, mouse lung, and the zebrafish embryo. The zebrafish studies looked at embryo hatching and

mortality rates as well as the generation of morphological defects, while the endpoints in the rodent

lung included an assessment of inflammatory cell infiltrates, LDH release, and cytokine levels in the

bronchoalveolar lavage fluid. Iron doping, similar to the effect of the metal chelator, DTPA,

interfered in the inhibitory effects of Zn2þ on zebrafish hatching. In the oropharyngeal aspiration

model in the mouse, iron doping was associated with decreased polymorphonuclear cell counts and

IL-6 mRNA production. Doped particles also elicited decreased heme oxygenase 1 expression in the

murine lung. In the intratracheal instillation studies in the rat, Fe doping was associated with decreased

polymorphonuclear cell counts, LDH, and albumin levels. All considered, the above data show that Fe

doping is a possible safe design strategy for preventing ZnO toxicity in animals and the environment.

KEYWORDS: ZnO • dissolution • pulmonary toxicity • iron doping • zebrafish
embryo • mouse • rat
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possible ZnO toxicity in this setting. Zebrafish have
proven quite useful for environmental toxicity screening
andare alsouseful for comparativebiologybecauseof the
similarities between the zebrafish and human genomes,
early life development, and disease processes.11-14More-
over, compared with more costly and time-consuming
rodent models, screening of zebrafish embryos is inex-
pensive and can theoretically be used for high-through-
put data collection.13 Several studies reported that nano-
ZnO induces interference inhatching, adecreasedsurvival
rate, tissue damage, and morphological abnormalities in

zebrafish embryos.3,4 Moreover, this toxicity is dependent
on particle dissolution and shedding of Zn ions, which
differs from the impact of soluble Zn.3,4

In spite of the considerable research into the potential
hazardous effects of ZnO nanoparticles under biological
conditions, no deliberate attempts have been made to
design a potentially safer material that is less soluble. To
study whether iron doping could decrease the toxicity of
nano-ZnO in zebrafish, mouse, and rat models, we deter-
mined whether Fe-doped ZnO has an effect on the
survival, hatching, or morphological features of zebrafish

Figure 1. Physicochemical characterization to determine the effect of iron doping on ZnOnanoparticlematrix characteristics.
Low-resolution TEM was used to assess the size and shape of undoped ZnO (A) and 10.2 wt % Fe-doped ZnO (B). SAED
patterns were used to show the high crystallinity of pure ZnO (C) and 10.2 wt % Fe-doped ZnO (D). Power spectrum of single
crystalline pure (E) and 10.2 wt % Fe-doped ZnO nanoparticles (F). High-resolution TEM images of the pure ZnO (G) and 10.2
wt % Fe-doped ZnO NPs (H) show that there is no difference in the lattice spacings, phase segregation, or formation of
separate iron oxideparticles. (I) Representative X-raydiffraction (XRD) patternswere used to confirm the crystalline structures
of undoped and Fe-doped ZnO NPs. The X-ray patterns of pure Fe3O4 particles were obtained using Mo KR source. The XRD
patterns of Fe3O4 do not match the 10 wt % Fe-doped ZnO nanoparticles, suggesting homogeneous distribution of the Fe in
the ZnO lattice. (J) Effect of Fe doping on ZnO dissolution was determined by ICP-MS: 50 μg/mL nanoparticles was suspended
in PBS at room temperature in the presence of DPPC and BSA for 48 h. The suspensionwas centrifuged at 20,000g for 1 h, and
the zinc concentration in the supernatant was determined by ICP-MS.
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embryos. We also assessed the effects of oropharyngeal
and intratracheal instillation of undoped and doped
particles in mouse and rat studies that were performed
as a collaborative effort between twoparticipating labora-
tories in a U.S. consortium using standardized laboratory
protocols for each species to investigate batches of well-
characterized ENMs. Our findings demonstrate that Fe
doping leads to improved hatching rates in zebrafish
embryos as well as decreased pulmonary inflammation
in rodents. If proven not to interfere with the commercial
use properties of ZnO, irondoping couldbe considered as
a safe design strategy for this material.

RESULTS
Synthesis and Characterization of Iron-Doped ZnO Nanoparticle

Library. Weandothers have previously demonstrated that
the toxicological effects of ZnO particles have an impor-
tant relationship with particle dissolution, which starts in
the tissue culture or environmental medium and con-
tinues inside cells as well as possibly in the tissues and
organs of intact organisms.2-4,9,15,16 We hypothesized
that a decrease in Zn2þ shedding could lead to a decrease
in nano-ZnO cytotoxicity and demonstrated in a rapid
throughput screening assay that iron doping can slow
particle dissolution to improve the cytotoxicity profile.1 A
key question now becomes whether the doped particles
also exhibit increased safety features in vivo. To address
this question, we synthesized a fresh batch of undoped as
well as Fe-doped ZnO nanoparticles that include 1.02,
2.02, 4.09, 6.1, 8.2, and 10.2 atomic weight % of iron.
Low-resolution transmission electron microscopy (TEM)
(Figure 1A,B) and Brunauer-Emmett-Teller (BET) anal-
ysis (Table 1) demonstrate that doping yields somewhat
smaller spherical particles (8.3-15 nm) compared to the
undoped particles (20.2 nm). This size reduction is due to
compression stress and the smaller ionic radius of Fe
(Zn2þ = 0.074 nm, Fe3þ = 0.0645 nm).17,18 Selected area
diffraction patterns (SAED) (Figure 1C,D) and power
spectrum (Figure 1E,F) analyses further confirmed that
up to 10.2 wt % iron doping is possible without changing
lattice spacings, phase segregation, or yielding separate
iron oxide particles. Moreover, Fourier transformed high-
resolution TEM pictures to study the hexagonal arrange-
ment of the lattices show that Fe doping has no influence
on the high degree of crystallinity of the ZnO matrix

(Figure 1G,H). This was further confirmed by the de-
monstration that the lattice distances of the undoped
(0.252 nm) and doped (0.256 nm) particles were not
significantly different. This finding is further supported
by the X-ray diffraction (XRD) patterns of undoped and
doped particles (Figure 1I).

We have previously shown that iron doping affects
ZnO nanoparticle dissolution in water and tissue culture
medium.1 In order to determine whether iron doping
exerts similar effects in phosphate buffered saline (PBS),
50μgof theundopedanddopedparticleswas added to1
mLof PBS in thepresenceof dipalmitoylphosphatidylcho-
line (DPPC) and bovine serum albumin (BSA) at room
temperature. BSA andDPPC are used for particle dispersal
in pulmonary instillation studies because they are natu-
rally present in lung lining fluid.19 The supernatant of the
centrifuged particle suspension in PBS was collected after
48 h for inductively coupled plasma mass spectrometry
(ICP-MS) analysis, which demonstrated a decrease in Zn
release proportional to the level of doping (Figure 1J). An
iron doping level of 4 wt % restored the [Zn] in the
supernatant to near background levels.

Iron doping affects the surface properties of the
nanoparticles in water, PBS, and Holtfreter's solution
(Table 2). Holtfreter's solution is used as a substitute
environmental medium for zebrafish embryo studies.
Iron doping above 4 wt % leads to a decrease in ZnO
nanoparticle zeta-potential due to the effect of Fe3O4

on the particle surface. This, in turn, leads to decreased
electrostatic repulsion and increased aggregation as
demonstrated by the increased hydrodynamic radii of
the doped particles (Table 2). However, the addition of
DPPC and BSA decreased the agglomerate size, likely
as a result of coating the particles' surfaces (Table 2).16 Use
of alginate to stabilize the particles in Holtfreter's solution
(Materials andMethods) also leads to a decrease in agglo-
merate sizebut increases thenegative zeta-potential of the
particles (Table 2). Alginate is an environmentally relevant
dispersant that is used for studying the ecotoxicological
effects of nanomaterials20 similar to the use of BSA and
DPPC as stabilizing agents for pulmonary studies.

Confirming the Biological Efficacy of Iron Doping with Our
Cellular Screening Assay. In order to confirm that the new
batch of undoped and doped nanoparticles indeed
exhibit differential toxicity profiles, we compared their
abilities in an in vitro screening assay that was previously
developed to assess sublethal and lethal toxicological
responses in RAW 264.7 and BEAS-2B cells.1 This assay
screens formitochondrial superoxideproduction (MitoSox
red), [Ca2þ]i flux (Fluo-4), mitochondrial depolarization
(JC-1), and plasmamembrane leakage (PI).1 Details of this
recently published multiparametric screening assay are
delineated inmore detail inMaterials andMethods aswell
as the Supporting Information.1 Three hours following the
addition of the particles and tracking the sublethal and
lethal response readouts by an automated epifluores-
cence procedure, the data were used to construct a

TABLE 1. Surface Area and Primary Particle Size through

BET Measurements

NPs surface area (m2/g) BET equivalent particle size (nm)

ZnO 52 20.2
ZnO þ 1% Fe 69 15.4
ZnO þ 2% Fe 76 13.9
ZnO þ 4% Fe 92 11.4
ZnO þ 6% Fe 130 8.1
ZnO þ 8% Fe 128 8.2
ZnO þ 10% Fe 126 8.3
Fe3O4 143 8
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heatmap inwhich thegreen-redcolordisplay reflects the
fold increase in fluorescence intensity in nanoparticle-
exposed compared to control cells (Supporting Informa-
tionFigureS1). Compared toundopedparticles, Fe-doped
ZnO revealed a progressive decline in all of the toxicolo-
gical responses in accordance with the Fe doping levels
(Supporting Information Figure S1). The protective effect
wasmorepronounced inRAW264.7 than inBEAS-2Bcells,
as previously demonstrated.2 In summary, in vitro toxico-
logical profiling confirmed that iron doping leads to pro-
tective cellular effects. Please notice that for the purposes
of this study the in vitro assay is used as a biological tool to
confirmtheefficiencyof irondopingandwasnot included
for extrapolation to in vivo studies.

Iron Doping Interferes in the Inhibition of Zebrafish Embryo
Hatching by ZnO Nanoparticles. The zebrafish represents an
appropriate environmental organism for studying the
effects of ZnO nanoparticles, which is regarded as
extremely toxic in the environment.11 Not only does
the zebrafish embryo constitute an in vivo model that
can be used for rapid throughput screening but it is
also appropriate for comparison to mammalian biolo-
gical responses.12,13 First, we monitored the morpho-
logical changes during embryo development in the
5-120 hours post fertilization (hpf) time frame. This
analysis showed that undoped ZnO nanoparticles inter-
fere in embryo hatchingwithout directly affecting viability
(Figure 2A). However, hatching failure ultimately leads to
the starvation and death of the live embryos.

The hatching of fish embryos is facilitated by hatch-
ing enzymes that are produced by a hatching gland
embedded in the chorionic sac. Previous studies have
shown that the ZHE1 is a major zebrafish hatching

enzyme (ZHE) being secreted into the chorionic fluid
by the gland and plays a major role in digesting the
interior aspect of the chorionicmembrane.21,22 In order
to test the possible effect of Zn on ZHE1production, we
performed whole mount in situ hybridization (ISH) to
determine ZHE1 expression in the intact embryo. ISH
was performed by employing RNA probes against ZHE1
mRNA.23Visual inspectionof the ISHproductdidnot show
any change in the staining intensity of the hatching gland
in embryos exposed to ZnO (Supporting Information
Figure S2). Since this result was also confirmed by real-
timePCR that showednoeffect onZHE1mRNA levels (not
shown), we addressed a possible effect on ZHE1 enzyme
activity. Because a quantitative ZHE assay is not available,
we used an indirect biological approach for assessing
enzyme activity by visualizing digestion of the chorionic
membrane. Figure 2B shows that the intact zebrafish
chorion at 4 hpf comprises a thin, dark exterior layer
(the result of osmium tetroxide staining) as well as a
thicker interior layer that exhibits porous indentations
500-700 nm in diameter.24 Under normal hatching con-
ditions, both the interior and exterior layers are digested
away within 48 hpf at the weaker pore sites. However, in
the presence of ZnO nanoparticles, the chorionic mem-
brane remained intact up to 120 hpf, suggesting a loss of
hatching enzyme activity (Figure 2B and Supporting
Information Figure S3).

In order tomore definitively demonstrate that the rate
of ZnO dissolution is important in hatching interference,
we examined the effect of Fe doping and metal chela-
tion on embryo hatching. First, we performed a dose-
response study to determine the optimal ZnOdose to use
(Supporting Information Figure S4) and decided to use

TABLE 2. Size, Polydispersity Index, and Zeta-Potential of Iron-Doped ZnOa

water PBS PBS þ DPPC and BSA Holtfreter Holtfreter þ alginate

NPs size (nm) PDI size (nm) PDI size (nm) PDI size (nm) PDI size (nm) PDI

ZnO 158 ( 10 0.086 817( 143 0.017 804( 45 0.015 889( 214 0.101 379( 2 0.044
1% Fe-ZnO 160( 11 0.110 1316( 193 0.015 505( 12 0.006 1336( 214 0.217 236( 11 0.071
2% Fe-ZnO 193( 65 0.105 1108( 169 0.051 460( 73 0.018 1147( 150 0.210 242( 14 0.031
4% Fe-ZnO 462( 129 0.031 845( 72 0.037 579( 118 0.015 966( 159 0.048 411( 44 0.107
10% Fe-ZnO 1297( 215 0.112 1146( 86 0.010 367( 57 0.020 946( 39 0.029 717( 118 0.031
Fe3O4 142( 15 0.230 998( 142 0.013 170( 10 0.010 1372( 87 0.075 229( 2 0.046

zeta-potential (mV)

NPs water PBS PBS þ DPPC and BSA Holtfreter Holtfreter þ alginate

ZnO 14.3( 1.1 -16.4( 0.8 -15.8( 1.6 -15.1( 1.3 -40.2( 0.9
ZnO þ 1% Fe 21.2( 0.7 -35.9( 2.7 -17.1( 2.1 -11.1( 1.4 -38.0( 1.6
ZnO þ 2% Fe 20.8( 1.5 -36.8( 3.7 -18.4( 3.1 -12.5( 0.8 -37.9( 1.4
ZnO þ 4% Fe 10.5( 1.3b -31.8 ( 3.2 -15.7( 2.9 -15.9 ( 1.3 -34.3( 1.1
ZnO þ 10% Fe 2.8( 3.2b -27.1( 3.3 -19.7 ( 1.7 -19.6( 2.1 -36.6 ( 2.5
Fe3O4 -24.5( 5.2b -28.5( 4.4 -18.1( 2.4 -19.6( 1.7 -33.2( 3.3
a Particle size in solution was determined by high-throughput dynamic light scattering (HT-DLS, Dynapro Plate Reader, Wyatt Tech). Nanoparticle size was expressed as
intensity-based average hydrodynamic diameter( SE. Zeta-potential was expressed as mean( SE (n= 5). PDI = Polydispersity index. Particle zeta-potential in solution was
measured by ZetaPALS (Brookhaven Instruments, Holtsville, NY). b Compared to ZnO, p < 0.05.
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Figure 2. Effects of iron doping on zebrafish embryo hatching and Zn uptake in the chorion. (A) Effects of iron-doped NPs on
the survival and hatching rate of zebrafish embryos were observed at 120 hpf (5 μg/mL, 36 embryos/group); *p < 0.05
compared with embryos treated with undoped particles. (B) TEM of zebrafish chorions with or without ZnO treatment
(20 μg/mL, 48 hpf). (C) Fluorescent images taken after microinjection of Newport Green DCF-K (500 μM) in zebrafish embryos
exposed to 50 μg/mL of ZnCl2 or ZnO nanoparticles for 24 h. Fluorescent images of the embryos were taken under a
fluorescent microscope. Eighteen embryos were imaged in each treatment group. (D) ICP-MS analysis to determinate
Zn concentrations in the chorionic fluid extracted from embryos or present in Holtfreter's solution that received 50 μg/mL
of ZnCl2 or ZnO nanoparticles for 24 h. Fifty embryos were examined in each group in duplicates; *p < 0.05 compared
with Holtfreter's solution. (E) Effects of chelator DTPA, 100 μM for 72 h, on hatching and survival rate of zebrafish
embryos exposed to 10 μg/mL of ZnCl2 or ZnO nanoparticles for 72 h; *p < 0.05 compared with corresponding groups
supplemented with DTPA.
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5 μg/mL for comparative studies. This demonstrated a
significant improvement in hatching rate with incremen-
tal levels of Fe doping, with near normal hatching at a 10
wt % doping level (Figure 2A). Because this suggests that
Zn is critical for hatching interference, we microinjected
the Zn-specific fluorescent dye, Newport Green DCF-K,
into the chorionic sac to see if ZnCl2 or ZnO affects the
dye's fluorescence intensity. Indeed, both the soluble as
well as particulate form of ZnO induced a visible increase
in green fluorescence intensity (Figure 2C). To quantita-
tively assess this increase in the [Zn] in the chorionic fluid,
someof the fluidwaswithdrawn and analyzed by ICP-MS.
This demonstrated that, compared to the surrounding
medium, there is a significant increase in the [Zn] in the
fluid (Figure 2D). Moreover, the incremental jump in [Zn]
for ZnO nanoparticles (8-fold) was more than that of
soluble ZnCl2 (2-fold). In order to confirm the doping re-
sults, we also conducted a study of the effect of themetal
chelator, diethylenetriaminepentaacetic acid (DTPA), on
embryo hatching and survival. The data show that DTPA
was capable of interfering in the inhibitory effects of ZnCl2
and ZnO nanoparticles (Figure 2E). Taken together, these
results demonstrate the dissolution characteristics of ZnO
nanoparticles play a key role in this material's toxicity in
zebrafish embryos.

Iron Doping Leads to Reduced ZnO Pulmonary Inflammation
in the Mouse. The assessment of pulmonary toxicity is a
valid platform for in vivo toxicity assessment of ZnO
nanoparticles based on the finding that both human
and rodent exposures lead to acute pulmonary inflam-
mation.5-8,15,25,26 It was decided to use both rats and
mice since two of the participating laboratories in this
study are part of a U.S. consortium that uses a stan-
dardized oropharyngeal aspiration protocol in mice
and a standardized intratracheal instillation protocol in
rats to do comparative studies on common batches
of engineered nanomaterials (ENMs). We used oro-
pharyngeal aspiration of undoped ZnO to establish
an initial dose-response study in the lung of C57BL/6
mice (Figure 3A,B). This demonstrated incremental
increases in the polymorphonuclear cell (PMN) count
and lactate dehydrogenase (LDH) levels in the bronch-
oalveolar lavage (BAL) fluid over the dose range of
1-20 μg of ZnO per animal (Figure 3A,B). Twenty
micrograms was used in subsequent studies to com-
pare undopedwith 2 and 10wt% Fe-doped ZnOnano-
particles. While 2 wt % doping lowered the acute
inflammatory response, the results became statistically
significant at 10wt%doping (Figure 3C). The reduction
in PMN cell counts in the BAL fluid was accompanied

Figure 3. Dose-dependent pulmonary inflammation inmice and the effects of Fe doping on ZnO toxicity. (A) PMNnumbers in
BAL fluid 40 h after the oropharyngeal aspiration of incremental doses of ZnO nanoparticles in C57BL6 mice (6 mice/group).
(B) LDH activity in the BAL fluid of the same exposed animals as in (A); *p < 0.05 comparedwith control. (C) PMN cell counts in
BAL fluid collected after 40 h exposure to 20 μg undoped or 2 and 10 wt % Fe-doped nanoparticles. The experiment was
repeated twice; *p < 0.05 comparedwith control. (D)Western blot looking at HO-1 and β-actin expression in twomouse lungs
each for animals exposed to either undoped or 10 wt % Fe-doped ZnO nanoparticles. A mouse treated with CdCl2 by
oropharyngeal exposure served as the positive control.
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by a reduction in IL-6 mRNA levels in the lungs of
animals receiving particles doped with 10 wt % Fe
(Supporting Information Figure S5). Because ZnO
cytotoxicity1,2 (Supporting Information Figure S1) as
well as the pro-inflammatory effects on welding fumes
in boilermakers is accompanied by oxidative stress
responses,8 heme oxygenase 1 (HO-1) expression was
used as an oxidative stress biomarker in the lungs of
animals receiving undoped and 10 wt % doped parti-
cles. The Western blot in Figure 3D shows reduced HO-
1 expression in both animals receiving doped particles.
Interestingly, the pro-inflammatory effects in the BAL
fluid were not accompanied by histological abnormal-
ities in the lungs of the exposed mice, which is in
keeping with the absence of permanent structural
abnormalities in the lungs of humans with MFF.5,27

Iron Doping of ZnO Leads to Reduced Pulmonary Inflamma-
tion in the Rat. We also used undoped and Fe-doped
ZnO nanoparticles to study the effects in rats receiving
these materials intratracheally. While similar to mice,
rats show acute pulmonary inflammation,25 there are
quantitative and qualitative differences. Rats exhibit
more severe and persistent pulmonary inflammation in
response to nanoparticles than mice, including the
potential to develop progressive fibroproliferative
lesions.28 Doses of 37.5, 75, and 150 μg were adminis-
tered intratracheal inmale Sprague-Dawley rats, which
were sacrificed at 1, 14, and 30 days postexposure to

assess BAL PMN counts, LDH activity, and albumin
levels. The undoped ZnO nanoparticles produced a
dose-dependent increase in PMN cell counts in the BAL
fluid at 24 h (Figure 4A). Also, the respective doses of
Fe-doped nano-ZnO caused a significant increase in
PMN over controls at all postexposure time periods
(Figure 4B). While for both the undoped as well as the
Fe-doped nano-ZnO, the influx of PMNs into the lung
decreased over a 30 day observation period, PMN
levels remained significantly higher than control
PMN levels at all concentrations and at all observation
periods (Figure 4B). Even though the PMN levels
remained significantly elevated for the Fe-doped par-
ticles, doping did have a significant reduction on PMN
levels compared to that caused by the undoped
particles. For instance, at the highest administered
dose (150 μg/rat), PMN levels were significantly de-
creasedwith 1 and 10wt% Fe doping levels at the 24 h
observation period (Figure 4B). Only the 10 wt % Fe-
doped particles were capable of lowering the PMN
responses to a 150 μg particle dose at the 14 and 30
day observation periods (Figure 4B). LDH levels in BAL
fluid after treatment with 1 and 10 wt % Fe-doped ZnO
were significantly decreased after 1 and 14 days com-
pared to undoped particles (Figure 4C). Albumin levels
after treatment of 10 wt % Fe-doped ZnO decreased
significantly after 1, 14, and 30 days treatment com-
pared to undoped particles, while albumin levels were

Figure 4. Dose-dependent pulmonary inflammation in rats and the effects of Fe doping on ZnO toxicity. Rats (8 animals per
group) were exposed to undoped or doped ZnO particles via intratracheal instillation (IT). Each animal received a dose of 150
μg of ZnO particles dispersed in PBS with BSA plus DPPC. At 24 h, 14 days, and 30 days post-instillation, the animals were
euthanized and BAL fluid was collected to determine PMN numbers, LDH, and albumin levels. The experiment was repeated
twice; *p < 0.05 compared with control (A) and ZnO-treated rats (B, C, D).
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significantly decreased in response to 1wt% Fe-doped
ZnO after 14 and 30 days treatment (Figure 4D). Iron
doping showed similar protective effects at lower
exposure amounts (75 and 37.5 μg/rat) compared to
undoped particles (not shown). All considered, the
rodent studies showed similar as well as complemen-
tary response outcomes that support a protective
pulmonary effect through iron doping.

DISCUSSION

In this study, we explored the effect of iron doping
ZnO nanoparticles in three different animal models to
determine whether the improvement of cellular toxi-
city is also accompanied by reduction of in vivo health
effects in zebrafish embryos and the rodent lung.While
in zebrafish Fe doping prevented interference in em-
bryo hatching, the principal effects in the mouse and
rat lungs were to decrease acute pulmonary inflamma-
tion and cytotoxicity. All considered, these data de-
monstrate that ZnO toxicity in rodents and the
environment can be reduced by iron doping.
The demonstration that Fe doping leads to de-

creased in vitro and in vivo toxicity indicates that
safe-by-design strategies are possible for engineered
nanomaterials. As a first step of such a strategy, we
demonstrate the importance of identifying the major
material characteristics that are responsible for the
toxicity, through the use of proof-of-principle testing.
For ZnO, dissolution and shedding of zinc ions play an
important role in its toxicity. However, it is unclear at
this stage whether specific surface area or surface
reactivity also plays a role in its toxicity. The second
key step is to develop a strategy to change, alter, or
eliminate the hazardous property, which for ZnO could
mean slowing its dissolution by Fe doping. The iron in
the ZnO lattice can be found in both oxidation states
(Fe2þ and Fe3þ). The theoretical calculations suggest
that the stability of the Fe2þ in the ZnO lattice is
relatively larger compared to that for Fe3þ, and these
two oxidation states have a coupling constant of 1.4 eV
as evidenced from electron energy loss spectroscopy
(EELS) spectra.29 Due to the stable dopants present in
the ZnO lattice, the dissolution of the doped particles is
reduced compared to that of undoped particles.
Although it is still too early to evaluate the commercial
impact of such a strategy for nano-ZnO application in
the marketplace, it is useful to consider the real-life
scenarios where Fe doping may be helpful to reduce
toxicity in humans and the environment. While it is not
possible to introduce doping during welding, we
should consider the scenario of ZnO being used in
skin care products, particularly commercial sunscreens
where this material is used to absorb UV light. While
there has been considerable debate as to whether
nano-ZnO poses any danger on the skin, most studies
have demonstrated that these nanoparticles do not
penetrate the skin. However, a recent study using a

ZnO sunscreen prepared from Zn68 demonstrated that
very small quantities of Zn canpenetrate the protective
layers of human skin with the potential to generate
small increases in the isotope levels in blood and
urine.30 While there is no evidence that this is clinically
harmful, it is important from an environmental per-
spective to consider that ZnO nanoparticles being
washed from the skin have the potential to spread to
the environment via wastewater systems. Although
the actual level of environmental contamination by
ZnO is currently unknown, Kaegi et al. have provided a
quantitative assessment of the amounts of TiO2 nano-
particles that can gain access to the aquatic environ-
ment through runoff.31 They estimated that the con-
centration of TiO2 nanoparticles in the runoff collected
from beneath the facades is as high as 0.55 μg/mL.31

This compares favorably to the starting dose of 1 μg/
mL ZnO that was used in our zebrafish studies. More-
over, if we consider the 8-fold bioconcentration in the
chorionic sac (Figure 2C,D), the toxicological relevant
levels in the environment could be even lower. In a
recent report by Kahru et al., the median L(E)C50 value
for nano-ZnO in fish was estimated to be 2 μg/mL.11

Nano-ZnO was classified as “extremely toxic” to envir-
onmental organisms such as fish, bacteria, algae, crus-
taceans, ciliates, yeasts, and nematodes.11 From the
perspective that Fe doping could reduce ZnO toxicity
by decreasing the Zn release to the environment,
additional studieswill be required once the technology
becomes available to detect ZnO nanoparticles in the
environment. Additional consideration should also be
given to the possibility that decreasing the dissolution
may allow the ZnO particles to remain intact for longer
periods and may therefore spread to environmental
targets that may have otherwise not been exposed to
Zn. It is clear, therefore, that fate and transport studies are
necessary to fully interpret the toxicity studies. Another
practical consideration would be to determine whether
dopedZnOnanoparticlesmaintain their desired function-
ality in the commercial products that incorporate ZnO
nanoparticles. We know that ZnO maintains its ability for
UV absorption following Fe doping.32,33 Moreover, the
band gap energy of the pure ZnO (3.3 eV) does not
change much with doping levels up to 15%.33 The band
gap value for 4% Fe-doped ZnO is 3.22 eV, which is not
significantly different than undoped ZnO.32

Comparison of in vitro and in vivo dosimetry remains
a challenge in ENM toxicity but can be approached by
normalizing the ZnO dose per surface area in the tissue
culture dish and comparing that to the normalized sur-
face area dose in the airways in mice and rats. Through
the use of morphometry analysis, Stone et al. have
estimated the alveolar epithelial area in the mouse, rat,
and human to be 0.05, 0.4, and 102 m2, respectively.34

Therefore, exposure doses of 150 and 20 μg in the rat and
mouse would normalize to 0.038 and 0.04 μg/cm2,
respectively. This is comparable to a human lung burden
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of 40.8 mg. Assuming that the particles are evenly depo-
sited across the tissue culture dish, this would amount to
an in vitro surface area dose of 0.24-10 μg/cm2. Thus, on
a comparative basis, the in vitro doses used in our cellular
screening assay were minimally an order of magnitude
higher than the doses used in the rodent lung but do not
take into consideration the possibility of uneven deposi-
tion in the conducting airways and the alveoli. This could
have the effect of concentrating theparticle dose at select
airwaygenerations as hasbeenprovenexperimentally for
different size particles.35 Moreover, we have to consider
that the higher in vitro exposure doses were applied for a
relatively short (3 h) time period compared to the 24 h or
longer exposure times in the rodent respiratory tract.
Given the current shortcomings of performing in vitro/in
vivo dose comparisons, it is not possible to make more
accurate comparisons. Nonetheless, it is highly significant
that iron doping exerted the same level of protective
effect in vivoas it did inour in vitro studies.With this proof-
of-principle demonstration, future studies will perform
more direct comparison of in vivo and in vitro doses,
including performance of aerosolized inhalation expo-
sures that simulate real-life exposure conditions.
Ourfinding that nano-ZnO interferes in zebrafishhatch-

ing agrees with previous studies.3,4 Although failure to
hatch could eventually lead to the death of the embryo as
a result of starvation, use of dechorionated embryos did
not demonstrate any morphological defects or actual
impact on survival, even at a dose as high as 50 μg/mL
(not shown). Thesedata suggest that theprincipal effectof
nano-ZnO is interference in the function of ZHE1 and
possibly other hatching enzymes. We further demon-
strated that Zn is concentrated in the chorionicfluid,which
could be the result of passive diffusion and the high
osmotic pressure of the protein-rich fluid.36 However, it is
also possible that some of ZnO nanoparticles may be able
to pass through the chorion pore canals.24 These channels
are as large as 0.5-0.7 μm in diameter and have been
shown to allow Ag nanoparticles to enter the chorionic
fluid.24 At present,weare not able todifferentiatebetween
Zn in its ionic formor nanoparticulate form in the chorionic
fluid. However, we showed that ametal chelator (DTPA) is
capable of restoring embryo hatching during exposure to
either an ionic zinc solutionor ZnOnanoparticles.Whilewe
are aware of at least one other study showing that Zn2þ

can accumulate in zebrafish embryos, that study did not
attempt to assess the Zn concentrations in the chorio-
nic fluid.37 The possibility that the chorion is capable of
concentrating Zn2þ or ZnO nanoparticles has important
implications for a spectrum of fish embryos. In addition to
zebrafish, trout,medaka, andminnowembryos have been
showntobioconcentrateheavymetals (e.g.,methylHg,Ag,
Cd) and chemicals (e.g., phenanthrene, atrazine).38-40

However, we do not know whether ZnO nanoparticles
interfere in the hatching of other embryos. In this regard, it
is important to consider the differences in the functional
properties of the chorion across fish species. Nonetheless,

the zebrafish embryo could be very helpful as an in vivo

model for developing a predictive toxicological paradigm
in combination with cellular screening studies. It is also
possible to perform high-throughput screening studies in
zebrafish embryos.13

Previous studies in rats have shown that nano-ZnO
particles are capable of inducing acute pulmonary inflam-
mation, including neutrophil recruitment and LDH release
in theBALfluid.26 ZnOexposures havealsobeen shown to
increasemetallothionein andHO-1 gene expression in the
rat lung, suggesting that oxidative stress plays a role in
pulmonary inflammation.25 Similar studies in mice have
shown that nano-ZnO induces acute pulmonary inflam-
mation that leads toPMN infiltrationand increasedprotein
content in the BAL fluid in parallel with metallothionein
gene expression in the lung.15,26 These findings are com-
patible with cellular screening2 and the human studies
showing thatoxidative stressplays a role in thepro-inflam-
matory effects of ZnO in the lung.2,5-8 Although dissolu-
tion of ZnOnanoparticleswas previously implicated in the
acute inflammatory effects of this material, most of the
evidencewasbasedondeductive reasoning, including the
rapid recovery rate in MFF.5-7,27 This communication pro-
vides thefirst direct evidence thatdecreaseddissolutionof
ZnO by Fe doping can reduce pulmonary inflammation.
However, as cautioned in the environmental studies, we
should consider that slowing of particle dissolution is a
double-edged sword that could under some circum-
stances pose new risks by being able to spread to sites
that may not normally be accessed by dissolving ZnO
nanoparticles. We demonstrate that the decreased pul-
monary inflammation in response to thedopedparticles is
accompanied by less HO-1 expression, suggesting a re-
duction in pulmonary oxidative stress. Oxidative stress
may contribute to the activation of pro-inflammatory
pathways that trigger the expression of cytokines and
chemokines such as IL-6, TNF-R, and IL-8 in MFF.5-7,27 It
will be interesting in future studies to compare the
dissolution rate of other nanoparticles that are capable
of metal ion shedding and pulmonary toxicity, including
Ag, Co, Cu and Ni nanoparticles.41-43 However, different
from the high dissolution rates of ZnO, most of these
nanoparticles are less soluble and a key question therefore
becomes to what extent the ion shedding is responsible
for pulmonary toxicity compared to a reactive particle
surface. We propose that our predictive toxicological plat-
form that involves cellular injury pathways to interpret in
vivo studies may help to generate the knowledge that is
required for comprehensive assessment of ENM toxicity.44

The awareness of safe-by-design ENM approaches is
now moving the nano-EHS (Environmental Health &
Safety) field to consideration of proactive strategies at
thedesignanddevelopment stageofnewproducts rather
than regarding EHS as a postfacto add-on or imposed
cleanup cost.44-46 An understanding of hazardous ENM
properties is essential for safe design fromabiological and
environmental perspective.While there is no singledesign
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feature that currently fits this description, possible ap-
proaches thatmight contribute to this area are being iden-
tified, and the current communication serves as a proof-of-
principle study that now needs to be executed under real-
life exposure conditions. It is important to note that a
change in properties may affect ENM performance char-
acteristics (e.g., electrical conductivity, thermalconductivity,
ormagnetic properties) that are essential for technologyor
product development. Thus, while the potential impact on
product performance must be properly explored, it is
possible that certain compromises may have to be made.

CONCLUSION

We asked whether the ZnO nanoparticles doped
with iron would improve the safety profile of this
material in the zebrafish embryo and rodent lung. We
demonstrate that doped particles exhibit a reduced
rate of toxicity compared with undoped ZnO in all
three animal models. While doping reduced the in-
hibitory effect of Zn on embryo hatching in zebrafish,
the major effect in the lung was a reduction in pul-
monary inflammation and oxidative stress response.

MATERIALS AND METHODS
Flame Spray Pyrolysis (FSP) Synthesis of Undoped and Fe-Doped ZnO

NPs. The metallorganic precursors, zinc naphthenate (8% of Zn,
Strem Chemical, 99.9% pure) and iron naphthenate (12% Fe,
Strem Chemical, 99.9% pure), were used for the synthesis of
undoped and Fe-doped ZnO nanoparticles. The synthesis of
nanoparticles (undoped and Fe-doped) was based on atomic wt
%of thismetal (sameaswt%). Thecalculation iswt%= {[weightof
Fe precursor (6.5mL, by Fe)]/[weight of Fe precursor (6.5mL, Fe)þ
weight of 50mL Zn precursor (by Zn)]}� 100. The densities of the
undoped and Fe-doped ZnO nanoparticles are close to one
another (ZnO has 5.6 g/cm3where as Fe3O4 has 5.1 g/cm

3). Briefly,
a 50 mL portion of 0.5 M zinc naphthenate was separately mixed
with 0.6-6.5 mL of 0.5 M iron naphthenate to provide 1-10 wt %
of Fe doping. For undoped ZnO and Fe3O4, 50mL of 0.5MZnor Fe
precursors was separately used. All of the precursors were dis-
solved in an organic solvent (xylene, 99.95%, Strem) to keep the
metal concentration at 0.5 M. Each liquid precursor was delivered
to the nozzle tip by a syringe pump at a flow rate of 5 mL/min by
atomizing the precursor solution with dispersant O2 andmaintain-
ing a pressure drop of 1.5 bar at the nozzle tip. Combustion of the
dispersed droplets is initiated by the co-delivery of CH4 andO2 (1.5
L/min, 3.2 L/min) to create a flame.

Physicochemical Characterization of Fe-Doped ZnO Nanoparticles. Sur-
face area was determined by Brunauer-Emmett-Teller (BET),
whichmeasuresN2 adsorption-desorption on theparticle surface.
Themeasurementswere carried out at 77 Kusing aQuantachrome
NOVA 4000e Autosorb gas sorption system. The BET method was
used to determine the specific surface area of the samples. The
powders were placed in a test cell and allowed to degas for 2 h at
200 �C in flowing nitrogen. Data were obtained by introducing or
removing a known quantity of adsorbing gas in or out of a sample
cell containing the solid adsorbent maintained at a constant liquid
nitrogen temperature.

The crystallinity of undoped and Fe-doped ZnO was deter-
mined by transmission electron microscopy (TEM). The FSP-
generatedmetal oxide nanoparticles were sonicated in ethanol for
3 hbefore TEManalysis. Themicroscopic imagingof the specimens
was investigated with a FEI Titan 80/300 microscope equipped
with a Cs corrector for the objective lens, a Fischione high angle
annulardarkfielddetector (HAADF), aGATANpostcolumn imaging
filter, and a cold field emission gun operated at 300 kV as an
acceleration voltage. A Kevex energy-dispersive X-ray spectrom-
eter was used at 10 eV per channel for power spectrum and
SAED patterns. Spectra were taken at each sampling point to
identify the homogeneity of the samples. X-ray diffraction (XRD)
analysis of nanoparticles was performed in reflection mode on a
PW 3040/60 X'Pert PRO diffractometer equipped with X'Celerator
linear detector using a Cu KR (λ= 0.154 nm) radiation and step size
of 0.01� for the ZnO and Fe-doped ZnO NPs. The pure Fe3O4 NPs
were placed in circular sample holders with a diameter of 16 mm
and then loaded into a Bruker D8 diffracting system. The diffract-
ometer was configured in Bragg-Brentano geometry, equipped
with a primary Johansson monochromator producing pure
Mo KR1 (λ = 0.07093 nm) radiation. A ∼0.1� fixed divergence,

4� primary 2.5� secondary Soller slits, and LynxEye detector (posi-
tion sensitive in a range of 3� 2θ with 192 channels, yielding a
channel width of 0.01563� 2θ) was used. Continuous scans in the
range of 5-55� 2θwere applied with an integration step width of
∼0.03� 2θ and 30 s per step.

Nanoparticle Dispersion in Cell Culture Media, Holtfreter's Solution, and
PBS. Nanoparticle stock solutions (5 mg/mL) were prepared by
dispersing the nanoparticle powder in deionized water by
sonication (30W). To ensure proper dispersion of nanoparticles,
the stock solution was sonicated before removing aliquots to
prepare fresh working solutions for each intended use condi-
tion. These included particle dispersion in tissue culture med-
ium to perform cellular screening in Holtfreter's medium to
study zebrafish embryos and in PBS to perform pulmonary
exposure studies.

For tissue culture studies, the particles were precoated with
bovine serum albumin (BSA) or fetal bovine serum (FBS) before
transfer into BEGM or DMEM, respectively, as described.1,16 The
nanoparticles were suspended in the cell culture media by
sonication (30 W) for 15 s prior to the addition to tissue culture
plates.16 The rationale and full explanation of this approach has
recently been published by us.1,16

Holtfreter's solution contains 60 mM NaCl, 0.67 mM KCl, 2.4
mM NaHCO3, and 0.8 mM CaCl2 in deionized water at pH
6.5-7.1. In order to stabilize the particles in this ionic medium,
alginic acid was used as a natural organic matter. This was
accomplished by adding NPs dispersed in deionized water to
Holtfreter's solution that was supplemented with 100 ppm
alginic acid. The mixture was sonicated for 15 s at 30 W before
dispensing the medium in tissue culture plates for the perfor-
mance of zebrafish experiments.

For the performance of oropharyngeal aspiration or intra-
tracheal instillation studies in mice and rats, respectively, par-
ticles were suspended in PBS in the presence of 0.6 mg/mL BSA
plus 0.01 mg/mL dipalmitoylphosphatidylcholine (DPPC). DPPC
was prepared fresh as a 10 mg/mL stock solution in absolute
ethanol (200 proof). Each particle suspension was briefly soni-
cated before use.19,47 The rationale for the use of this dispersal
protocol has been previously published by us.19,47

Nanoparticle Size Distribution and Zeta-Potential Measurement.
High-throughput dynamic light scattering (HT-DLS, Dynapro
Plate Reader, Wyatt Technology) was performed for detecting
the particles' state of aggregation/dispersion in water or tissue
culture media in the absence or presence of dispersing agents
(BSA þ DPPC, FCS, or alginate).16 The plate reader is operated
similar to a traditional DLS instrument but with a more rapid
readout that can be used formultiple particles being dispersed in a
variety of different media. Since each measurement takes only a
few seconds, it is possible to obtain 10 automated measurements
for each sample loaded into triplicate wells of a 384-well plate. The
data were collected with 158� back scattering. This approach is
ideal for obtaining stable and well-dispersed particle suspensions
and facilitates rapid throughput cytotoxicity screening. A ZetaPALS
(Brookhaven Instruments, Holtsville, NY) instrument was used to
determine the electrophoretic mobility from which zeta-potential
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of the nanoparticles could be calculated by the Helmholtz-
Smoluchowski equation.48

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Analysis. ICP-
MS analysis was performed to detect zinc ion released fromZnO
nanoparticles suspended in physiological media; 50 μg/mL
nanoparticles was suspended in PBS at room temperature in
the presence of DPPC and BSA for 48 h. The suspension was
centrifuged at 20 000g for 1 h, and a 500 μL portion of super-
natant was acidified with 500 μL of 7% ultrahigh purity nitric
acid, and the zinc concentration was measured by a Perkin-
Elmer SCIEX Elan DRCII.

Mammalian Cell Culture and Coincubation with Nanoparticles. All cell
cultures were maintained in 25 cm2 cell culture flasks, in which
the cells were passaged at 70-80% confluency every 2-4 days.
RAW 264.7 cells (ATCC# TIB71) were cultured in Dulbecco's
modified Eagle medium (DMEM) (In Vitrogen, Carlsbad, USA)
supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL
streptomycin, and 2 mM L-glutamine (complete medium). Five
thousand cells were plated into each well of a 384-well plate
(CellBound, Corning Inc., MA) for overnight culture at 37 �C in
5% CO2 before nanoparticle addition. BEAS-2B (ATCC# CRL-
9609) cells were cultured in BEGM (Lonza, San Diego, CA) in
type-I rat tail collagen-coated flasks. Trypsinized cells were
washed and plated at 5000 cells per well (0.06 cm2) in 384-well
plates before being cultured for 2 days in a 5% CO2 incubator
prior to nanoparticle treatment. Nanoparticles prior coatedwith
BSA and then dispersed in complete DMEM or 2 mg/mL BSA in
BEGM were used for RAW 264.7 and BEAS-2B exposures,
respectively.

In Vitro Multiparametric Screening To Compare Cytotoxic Effects of
Undoped and Doped ZnO Nanoparticles. Three fluorescent dye cock-
tail mixtures were prepared by mixing wavelength-compatible
fluorescent probes in phenol-red-free DMEM media as pre-
viously described.1 Briefly, the first cocktail contained Hoechst
33342 (1 μM) and JC-1 (1 μM); the second cocktail contained
Hoechst 33342 (1 μM), Fluo-4 (5 μM) and propidium iodide
(5 μM), while the third cocktail contained Hoechst 33342 (1 μM)
and MitoSox Red (5 μM). Several unique NP properties such as
high adsorption capacity, optical properties, surface catalytic
activity etc. can interfere with the fluorescence readout andmay
introduce artifacts. We addressed these issues by incorporating
the necessary controls, including the addition of particles to
dyes in the absence of cells, particles with cells but without the
addition of dyes, and addition of dyes to cells in the absence of
particles. The implementation procedures for performance of
this multiparametric screening have been described in detail in
a recent publication.1 Eachwell of the 384-well plate received 50
μL of dye mixture for 30 min under standard (dark) cell culture
conditions. Unincorporated dyes were removed by washing,
following which tissue culture wells were replenished with
phenol-red-free DMEM or BEGM. Cellular fluorescence imaging
was acquired using an Image-Xpressmicro (Molecular Devices,
Sunnyvale, CA) equipped with laser autofocus. DAPI, FITC, and
TRITC filter/dichroic combinations were used to image Hoechst
33342 (blue), Fluo-4 (green), and PI (red), respectively. Images
were processed using MetaXpress (Molecular Devices, Sunny-
vale, CA). We used fluorescent intensity of the cells to calculate
the fold increase over that of the untreated control cells. The
data were displayed as a heatmap. The red andwarmer colors in
the heatmap are indicative of a higher fold increase in toxicity,
while the green shows little or no toxic effects. It should also be
noted that in vitro cell lines are substantially different from cells
under in vivo environment. The cells used in this study (mouse
leukemic monocytes and human bronchial epithelial cells)
are proliferating, undifferentiated, and submersed cell lines,
while lung epithelial cells and the surface macrophages in vivo
are highly differentiated cells that grow at the air-liquid inter-
face and have a low turnover. So caremust be taken to interpret
in vitro cell line results.

Exposure of Zebrafish Embryos to Nanoparticles. Wild-type AB line
of zebrafish stocks were obtained from the Zebrafish Interna-
tional Resource Stock Center (ZIRC) (Oregon) andmaintained in
the UCLA zebrafish core facility as described.43 Only healthy
female and male zebrafish were selected for generation of the
embryos. A healthy female fish typically generates 200-300

embryos. After fertilization, the embryos were collected and
rinsed several time in Holtfreter's solution to remove any
residue on the embryo surface. The embryos were examined
under a stereomicroscope for health and developmental state
(32-64 cell stage) according to an established protocol that
only utilizes healthy embryos that are plated 1 embryo per well
in 96-well plates. At 4-6 h post-fertilization (∼1000 cell stage),
the embryos were re-examined before nanoparticle treatment.
The Holtfreter's solution was drained with a pipet and replaced
at 4-6 hpf with 100 μL of the same solution containing the
nanoparticle suspensions. The embryos were observed via a
Zeiss Stemi 2000-C dissection microscope every 24 h for 5 days
in order to assess hatching rate, embryo mortality, and mor-
phological abnormalities (large/small yolk size, yolk sac edema,
no blood circulation, lack of pigmentation, body length, curved
body axis, delayed eye/head development, opaque necrotic
tissue, and pericardial edema).

TEM of Zebrafish Chorions. Chorions from wild-type zebrafish
embryos at 4 hpf, naturally hatched embryos at 48 hpf, and ZnO
treated embryos at 48 hpf were collected for fixing (50 embryos
per group). Initial fixing was performed with 0.1 M sodium
cacodylate buffer, pH 7.4, containing 4%paraformaldehyde and
1% glutaraldehyde for 2 h. Secondary fixing was done in 1%
OsO4 (also prepared in 0.1 M cacodylate buffer) for 1 h on ice.
Samples were dehydrated through a gradient of ethanol solu-
tion after fixation. After dehydration, chorion samples were
embedded in SPURR resin and allowed to polymerize overnight
at 60 �C. Thin sectioning (70 nm) was performed using a Leica
Ultratome, and TEM images were captured at 120 kV using a
Philips CM120 microscope.

Analysis of Zebrafish Hatching Enzyme (ZHE1) Gene Expression by Real-
Time PCR and In Situ Hybridization (ISH). Both real-time PCR and
whole-mount ISH were performed to examine the expression of
ZHE1 gene in control and ZnO-treated zebrafish embryos. For real-
time PCR, a total of 50 embryos per groupwere collected at 10, 24,
and 48 hpf and homogenized in 1 mL of TRIZOL reagent
(Invitrogen). Subsequently, 2 μg of total RNA was reverse tran-
scribed by Superscript III reverse transcriptase (Invitrogen). cDNA
was amplified by real-time PCR using SYBR Green Supermix
(BioRad) and the following primers (ZHE1f 50-ctgaacttctctacacact-
gagg-30 , ZHE1 r 50-ccttatcaccatcacctcacttc-30). Relative gene ex-
pression levels were reported as fold-change (FC) using the ΔΔCt
method where FC = 2-ΔΔCt.49 For whole-mount ISH, a total of 40
embryos per group were collected at 10, 24, and 48 hpf, fixed with
4%paraformaldehyde in PBST and subsequently processed follow-
ing the procedures described previously.23

Mouse Exposure and Assessment of Exposure Outcomes in Mice. Ten-
week-old C57Bl/6NCrl mice were purchased from Charles River
Laboratories (Hollister, CA). All animals were housed under
standard laboratory conditions that have been set up strictly
following UCLA guidelines for care and treatment of laboratory
animals and the NIH Guide for the Care and Use of Laboratory
Animals in Research (DHEW78-23). These conditions are ap-
proved by the Chancellor's Animal Research Committee at
UCLA. These include detailed standard operating procedures
for animal housing (filter-topped cages; room temperature at 23
( 2 �C; 60% relative humidity; 12 h light, 12 h dark cycle) and
hygiene status (autoclaved food and acidified water). Animal
exposure to undoped and dopedZnOnanoparticles was carried
out by an oropharyngeal aspiration method as previously
described.50 Briefly, the mice were anesthetized by intraperito-
neal injection of ketamine (100 mg/kg)/xylazine (10 mg/kg) in a
total volume of 100 μL. While the animals were held in a vertical
position, a 50 μL suspension containing 0.1-20 μg undoped or
Fe-doped ZnO nanoparticles was instilled at the back of the
tongue to allow pulmonary aspiration. The control animals
received the same volume of PBS without particles. Animals
were euthanized by i.p. injection of 50 mg/kg pentobarbital.
One milliliter of saline was used to lavage the lung, with the
recovery of 0.8-0.85 mL of BAL fluid. The lungs were fixed by
inflation with formalin. Lung sections were stained with hema-
toxylin and eosin for assessing neutrophilic inflammation as
previously described by us.51 The BALF was used for perfor-
mance of total and differential cell count. LDH activity was
assessed by using CytoTox 96 non-radioactive cytotoxicity assay
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kit. Lung tissue was used for histology, HO-1 western blotting,
and assessment of mRNA production.

Analysis of Gene Expression in the Mouse Lung by Real-Time PCR. To
assess IL-6 mRNA expression, small lung pieces were harvested
and placed in RNA Later (Qiagen, Valencia, CA). Lung tissues
were homogenized in lysis buffer (Buffer RLT) containing β-
mercaptoethanol with a 5 mm rotor-sator homogenizer (PRO
Scientific, Oxford, CT). Total RNAwas isolated using RNeasyMini
Kit according to manufacturer's instructions. Quantitative gene
expression analysis was performed using procedures described
above in the analysis of ZHE1 gene expression by real-time PCR.
Statistical differences between ΔΔCt values between groups
were statistically determined with 2-way ANOVA (SigmaStat
Ashburn, VA; p e 0.05).

Rat Exposure and Assessment of Exposure Outcomes. Male Sprague-
Dawley (Hla: (SD) CVF) rats of approximate age of 10 weeks old
and weighing 200-300 g were obtained from Hilltop Lab
Animals (Scottdale, PA). The animals were housed in an AAA-
LAC-accredited, specific pathogen-free, environmentally con-
trolled facility at NIOSH. The animals were monitored to be free
of endogenous viral pathogens, parasites, mycoplasms, Helico-
bacter, and CAR Bacillus. Animals were housed in ventilated
cages receiving HEPA-filtered air, with Alpha-Dri virgin cellulose
chips and hardwood Beta-chips used as bedding. The rats were
maintained on a ProLaB 3500 diet and tap water, both of which
were provided ad libitum. Rats were exposed to the undoped or
doped ZnO nanoparticles via intratracheal instillation (IT). Ani-
mals were lightly anesthetized by an intraperitoneal (i.p.) injec-
tion of 30-40mg/kg sodiummethohexital (Brevital, Eli Lilly and
Company, Indianapolis, IN). The animals were intratracheally
instilled with 0.30 mL of undoped ZnO, 1 or 10% Fe-doped ZnO
or Fe3O4 particles suspended in PBS containing BSA and DPPC
using a 20 guage 4 in. ball tipped animal feeding needle.19

At 24 h, 14 days, and 30 days, the instilled animals were
euthanized with an i.p. injection of sodium pentobarbital (>100
mg/kg body weight) and exsangainated by cutting the des-
cending aorta. A tracheal cannula was inserted, and BAL was
conducted.19 A 6 mL aliquot of cold Ca2þ- and Mg2þ-free PBS
was used for the first lavagewash. The cold PBSwas flushed into
and out of the lungs two times before BALF was collected. After
the first lavage was collected, the BAL continued with 8 mL
aliquots of cold Ca2þ- and Mg2þ-free PBS until an additional
80 mL of BALF was collected. The BALF from all rats was placed
in a centrifuge at 600g for 10 min using a Sorvall RC 3B Plus
centrifuge (Sorvall Thermo Electron Corporation, Asheville, NC).
After centrifugation, the supernatant from the first lavage wash
was decanted into a clean conical vial and was stored on ice to
be used for cytotoxicity analysis. The remaining lavage wash
supernatant was discarded, and the cells remaining were
washed with cold Ca2þ- and Mg2þ-free PBS and spun again at
600g for 10 min. After this, the supernatant was discarded and
the cells were resuspended in 1mL of HEPES buffer. Using these
lavage samples, polymorphonuclear neutrophil (PMN) and
alveolar macrophage (AM) cell counts were performed using
an electronic cell counter (Beckman Coulter Multisizer 3 Coun-
ter, Hialeah, FL). The degree of cytotoxicity induced by the
instilled particles was determined by lactate dehydrogenase
(LDH) activity in the BAL fluid. LDH activity was measured using
Roche COBAS MIRA Plus chemical analyzer (Roche Diagnostic
Systems Inc., Branchburg, NJ) as described previously by our
laboratory.19

Statistics. Statistical differences between control and treat-
ment groups for the in vivo experiments comparing the toxicity
of the various ZnO particles were determined using an analysis
of variance (ANOVA) with significance set at pe 0.05. Individual
mean values were compared using the Student-Newman-
Keuls method multiple comparison procedure with an overall
significance level of 0.05.
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