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etal oxide nanowires are at the

forefront of application driven

nanotechnology research. They
offer distinct advantages over their bulk
counterparts in many applications ranging
from transistors to sensors. ZnO is a direct
bandgap semiconductor which has at-
tracted a vast quantity of research owing
to its wide range of optoelectronic and elec-
trical properties, including transparency in
the visible and high infrared reflectivity,
piezoelectric effect, chemical, and thermal
stability and its ‘absence of toxicity’ at least
in bulk form." In addition, it is easily doped
to provide novel magnetic properties (such
as dilute magnetic semiconducting behav-
ior), and hence it has potential in spintron-
ics. The special optoelectronic properties of
ZnO nanowires are hugely important for the
development of novel nanosensors, nano-
transducers, photocatalysts, and
nanogenerators.? Within the past few
years, it has become one of the most impor-
tant products in the nanosciences besides
carbon and silicone nanomaterials.® For
many of the proposed applications, the for-
mation of one-dimensional (1D) ZnO nano-
structures (e.g., wires, rods, and tubes) offers
an advantage over bulk material as many
novel properties, such as enhanced photo-
luminescence and lasing, are being ob-
served with the formation of engineered
nanoscale high aspect ratio structures.
While the functional properties of ZnO
nanostructures are being exploited and de-
veloped, little is known regarding their tox-
icity. It is essential to address these issues
before they are manufactured on a large
scale and introduced into commercial
products.
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ABSTRACT High-aspect ratio Zn0 nanowires have become one of the most promising products in the
nanosciences within the past few years with a multitude of applications at the interface of optics and electronics.
The interaction of zinc with cells and organisms is complex, with both deficiency and excess causing severe effects.
The emerging significance of zinc for many cellular processes makes it imperative to investigate the biological
safety of Zn0 nanowires in order to guarantee their safe economic exploitation. In this study, Zn0 nanowires were
found to be toxic to human monocyte macrophages (HMMs) at similar concentrations as ZnCl,. Confocal microscopy
on live cells confirmed a rise in intracellular Zn?* concentrations prior to cell death. In vitro, Zn0 nanowires
dissolved very rapidly in a simulated body fluid of lysosomal pH, whereas they were comparatively stable at
extracellular pH. Bright-field transmission electron microscopy (TEM) showed a rapid macrophage uptake of Zn0
nanowire aggregates by phagocytosis. Nanowire dissolution occurred within membrane-bound compartments,
triggered by the acidic pH of the lysosomes. Zn0 nanowire dissolution was confirmed by scanning electron
microscopy/energy-dispersive X-ray spectrometry. Deposition of electron-dense material throughout the Zn0
nanowire structures observed by TEM could indicate adsorption of cellular components onto the wires or localized
zinc-induced protein precipitation. Our study demonstrates that Zn0 nanowire toxicity in HMM:s is due to pH-
triggered, intracellular release of ionic Zn>* rather than the high-aspect nature of the wires. Cell death had
features of necrosis as well as apoptosis, with mitochondria displaying severe structural changes. The implications
of these findings for the application of Zn0 nanowires are discussed.

KEYWORDS: zinc oxide nanowires - macrophages - cytotoxicity - electron microscopy -
dissolution morphology - biodegradation - simulated body fluid

In biological systems, zinc is a multipur-
pose element. On the one hand, it is an es-
sential trace element involved in a wide
number of biological processes, such as me-
tabolism, cell proliferation and differentia-
tion, signal transduction, and control of
gene expression.* It is a component of
over 300 enzymes, as in either a catalytic
or regulatory cofactor or a structural capac-
ity.* It is therefore not surprising that severe
zinc deficiency in humans can lead to a
range of ailments, such as dermatitis, diar-
rhea, anorexia, neurosensory disorders, and
cell-mediated immune dysfunction. The ge-
netic disorder acrodermatitis enteropath-
ica, which affects enteral zinc absorption,
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can be fatal if left untreated.” Oral zinc supplementa-
tion has proven beneficial in a number of infectious dis-
eases, particularly in acute lower respiratory infections,
leprosy, diarrhea, and tuberculosis,® and the topical ap-
plication of zinc oxide was found to promote the heal-
ing processes of chronic and surgical wounds.® Further-
more, its ability to filter UV light is widely exploited in
the use of sun screens and cosmetics.? On the other
hand, excess zinc can have a number of undesirable ef-
fects. It is one of the culprits in inducing metal fume fe-
ver, an illness caused by the inhalation of metal fumes
in foundry workers.'° It is also becoming increasingly
clear that Zn2*, like Ca%*, is an essential signaling mol-
ecule for a number of physiological processes, with cel-
lular zinc homeostasis being tightly controlled. Alter-
ations in brain zinc levels are now thought to contribute
to neurodegeneration in conditions, such as Alzhe-
imer’s disease, amyotrophic lateral sclerosis, and
ischemia.” '3 Recently, the use of zinc and titanium ox-
ide nanomaterials in cosmetics and sunscreens has
also been called into question.™

ZnO nanoparticles (NPs) have been shown previ-
ously to cause toxicity, and in many cases, this has
been related to the release of ionic zinc.">~2° However,
these studies have mostly studied spherical ZnO NPs,
and it has been shown that 1D structures, such as
nanowires, exhibit very different dissolution behavior.
ZnO is very sensitive to dissolution in acidic conditions,
and the phase diagram indicates that it should dis-
solve below a pH of 6.7 at physiological temperature.?!
However, ZnO nanowires tend to have a high aspect ra-
tio along their polar (0001) direction, and this surface
is much more unstable than the other faces of the crys-
tal. The result of this is that the dissolution of ZnO
nanowires is extremely anisotropic, with the material
dissolving primarily down its polar surface.?? Charged
adsorbents in the cell may block or enhance this behav-
ior as has been shown by the co-investigators for spe-
cific anions,?® which may affect their biostability and ul-
timately toxicity. So far, the behavior of high aspect
ratio ZnO nanowires in biological systems and the ef-
fects of various physiological factors on the rate and
mode of dissolution have hardly been studied.

In this paper we will discuss the toxic effects of ZnO
nanowires on human macrophage cells in the context
of a pH-triggered release of metal ions within the cell.
The uptake and morphological evolution of the ZnO is
assessed using a range of microscopic techniques, and
a complementary in vitro study of the dissolution kinet-
ics in simulated biofluids (SBFs) of lysosomal and extra-
cellular pH will be presented. Morphology evolution in
SBFs will be compared to intracellular dissolution as-
sessed by transmission electron microscopy (TEM),
scanning electron microscopy (SEM), and confocal
microscopy of live cells using the zinc ion-specific fluo-
rescent dye FluoZin3-AM. Human monocyte-derived
macrophages were chosen as an in vitro model for the
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exposure of nanowires to cells, as these cells form the
first line of defense in the immune response to foreign
materials in many tissues, including the lung, and have
large pro-inflammatory potential. Macrophages are dif-
ferentiated in culture and fairly long-lived, do not prolif-
erate, and are highly phagocytic, often ingesting vast
amounts of foreign material. This also makes them ideal
candidates for biodegradation studies looking at the
long-term fate of ingested particles inside cells.

RESULTS AND DISCUSSION

Particle Characterization. High aspect ratio ZnO nano-
wires were synthesized by electrodeposition into poly-
carbonate templates with defined pore sizes, sputter-
coated on one side with a thin layer of gold. This
produced ZnO nanowires of uniform size as shown by
SEM before removal from the gold layer (Figure 1A). The
wires had a slightly tapering shape with a broad tip
and a narrower base. Purification and separation of the
wires from their templates using dichloromethane
(DCM) caused some breakages, creating preparations
with a wider variation in length. Particle dimensions
were established using TEM, and the results for the vari-
ous ZnO batches are summarized in Table 1. Thickness
for most nanowires was typically around 120 nm, with
the length ranging from ~2 pwm for some templates to
~5 wm for others, depending on the duration of the
electrodeposition process. In the case of ZnO/3, the
deposition time was extended, creating wires of ~10
wm in length and ~330 nm in thickness (Figure 1B). The
length of ZnO nanowires given in the Table 1 refers to
the maximum length, before the induction of break-
ages. Figure 1B also shows the tendency of the ZnO
nanowires to form aggregates, which are hard to dis-
perse. Figure 1C shows the microstructure of pristine
ZnO nanowires revealing a smooth and crystalline sur-
face. High-resolution TEM (HR-TEM) revealed a regular
lattice structure demonstrating that some areas of the
wires are monocrystalline in nature (Figure 1D),
whereas many areas appear polycrystalline (Figure 1E,
arrowheads). The lattice spacings of ~5.2 and 2.9 A (Fig-
ure 1D) are consistent with ZnO nanowires exhibiting
a Wurtzite structure in agreement with the Fourier
transform (FT) pattern obtained from the sample in Fig-
ure 1F. Phase identification and purity were confirmed
by synchrotron-based X-ray diffraction (not shown). In
all cases only the Wurtzite lattice (predominantly with
(0002) texture, Figure 1F) and the Au substrate (with
(111) texture) peaks were observed. These ZnO batches,
liberated from their synthesis template, were used for
the cell culture experiments

Cytotoxicity of Zn0 Nanowires to Human Monocyte
Macrophages (HMMs). The toxicity of ZnO nanopowders to
mammalian cells in culture has been investigated in
several studies. Globular or lozenge-shaped ZnO NPs
in the 10—200 nm size range were toxic to mouse neu-
ronal stem cells after 24 h at concentrations above 12

www.acsnano.org



vy

i - ?, o ”
?c.\/ SplitMagn BBt WD Exp S o 100
oo %

kv 25000x SEV 1121

V. Vep

Figure 1. Characterization of ZnO nanowires. (A) SEM of ZnO nanowires on the gold layer after removal of the polycarbon-

ate template with DCM. (B) TEM of purified ZnO nanowires showing aggregation (scale bar = 2 pum). (C) TEM of purified ZnO
nanowires showing a smooth surface (scale bar = 100 nm). (D and E) HR-TEM images revealing ZnO nanowire lattice struc-
ture and mono- and polycrystalline areas. (F) High-magnification lattice image and corresponding FT showing the textured
nature of the nanowire with (0002) growth direction being the most dominant. The red arrow indicates the long axis of the

nanowire.

ppm. Toxicity was independent of particle size and simi-
lar to ZnCl,, indicating that ionic zinc may be respon-
sible.?’ Nano-ZnO was also found to be toxic to rat
macrophages, human bronchial epithelial cells,'® and
primary mouse embryonal fibroblasts.'® Rod-shaped
ZnO nanoparticles with lengths of 100—200 nm and di-
ameters of 20—70 nm were toxic to human aortic en-
dothelial cells at 10 and 50 pwg/mL.2* In the human lung

TABLE 1. Particle Dimensions of ZnO Nanowire Batches
nanowire batch In0/3 In0/4 In0/5 In0/6 In0/7

thickness (nm, = SE) 327 £3 1231 1181 N1N1x1 M1
number counted n=1004 n=1763 n=>517 n=55 n=677
length (pum) ~10.5 ~5.2 ~2.1 ~4.0 ~4.5
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epithelial cell line A549, ZnO particles of 70 and 420
nm were toxic after 24 h with ECsy values of 13.6 and
14.2 pg/mL, respectively.?®

In our study in HMMs, the cytotoxicity of high as-
pect ratio ZnO nanowires (ZnO/3) and ZnCl, was as-
sessed using the neutral red assay, which measures the
accumulation of neutral red dye in the lysosomes of
live cells. Zinc in ZnCl, solutions was considered to be
in the form of soluble, ionic Zn?*, whereas zinc from
ZnO nanowires was deemed to be predominantly in
the form of insoluble zinc oxide. When compared to the
no additions (NA) control, ZnCl, was significantly toxic
to HMMs after 24 h at concentrations of 10, 20, and 40
pg/mL (Figure 2A). Cell viability with ZnO was reduced
to similar levels, although only the concentration of 20
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Figure 2. ZnO nanowire toxicity. HMMs were incubated with me-
dium only or with the indicated concentrations of zinc in the form
of ZnCl, or ZnO/3 (red or blue bars, respectively) for 24 h. Subse-

25

quently, cell viability was assessed using the neutral red assay (A). Re-
sults represent the mean = SE of four (ZnCl,) or two (ZnO/3) experi-

ments, respectively. Each experiment was performed in triplicate.

Asterisk (*) denotes p =< 0.01 compared to that of the NA controls.
(B) Scatter plot with linear trend lines for ZnCl, and ZnO/3 (red and
blue lines, respectively) in the concentration range of 5—20 png/mL.

rg/mL was statistically significant. Due to the scarcity
of the nanowire material, the highest concentration of

40 pg/mL was not tested. When compared to each
other, there was no statistically significant difference

between ZnCl, and ZnO toxicity at any of the concen-

trations tested. The scatter plot in Figure 2B shows the
linear trends for ZnCl, and ZnO (R? = 0.9873 and 0.9908,
respectively) toxicity at concentrations of 5, 10, and 20

prg/mL. The resulting LCs values were 13.2 and 14.5

pna/mL for ZnCl, and ZnO, respectively, which is similar
to the studies on ZnO nanopowders mentioned above.
This suggests that toxicity of ZnO nanowires is due to
the release of ionic zinc rather than to the high aspect

ratio of the wires.

Only a few other studies have investigated the tox-
icity of ZnO nanowires. Cell adhesion and spreading of

NIH3T3 fibroblasts, human umbilical vein endothelial
cells, and bovine capillary endothelial cells were re-

duced on ZnO nanorod surfaces of ~50 and ~500 nm
thickness and length, respectively, with a concomitant

decrease in cell viability.?® In a similar study, mouse
macrophages initially settled and spread on the ZnO

nanorod surfaces. However, a significant degree of ne-
crosis was apparent after ~6.5 h of incubation. Induc-
tively coupled plasma mass spectrometry (ICP-MS) of
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cell culture media showed Zn?* release from the ZnO
surfaces, indicating that toxicity was caused by ionic
Zn?" rather than nanowire topography.?” Monitoring
NP toxicity using dye-based toxicity assays alone can be
problematic due to dye—NP interactions, which can
lead to false-positive results.?® The interaction of ZnO
nanowires with the neutral red dye was not assessed in
our study due to their scarcity. Instead, cytotoxicity
was confirmed using additional techniques, such as
confocal fluorescence microscopy and bright-field TEM
(BF-TEM) (see below).

Confocal Live Imaging—Rise of Intracellular Zn?* Precedes
Cell Death. Uptake and cytotoxicity of ZnO nanowires
(Zn0O/4) was further investigated using confocal laser
microscopy of live cells. HMMs were preloaded with the
Zn?* indicator FluoZin3-AM. This cell-permeant AM es-
ter (acetoxymethyl) is cleaved by intracellular esterases,
becomes cell-impermeant, and displays green fluores-
cence upon binding of ionic Zn?*. Binding of FluoZin3
to solid ZnO nanowires is unlikely as fluorescent ZnO
nanowire aggregates were never observed during our
confocal experiments. Subsequent to dye loading, cells
were incubated with sample solutions, and images
were acquired over a time period of ~5—6 h. The red
fluorescent dye propidium iodide (PI), which is excluded
by live cells, was added to stain the nuclei of dead cells.
For analysis, fluorescence intensities were measured
and averaged within 10 regions of interest (ROIs) for
each sample to create a general overview of the cul-
ture (not shown). Using these data, a representative ROI
was chosen for each sample, and single cell traces are
shown in Figure 3. The insets are movie stills taken at
the 5 h time points and give an overview of the cul-
tures. In the NA-control (Figure 3A), cells were incu-
bated with imaging buffer only. No increase in
FluoZin3- or PI-fluorescence was observed over time
(see inset Figure 3A after 5 h), indicating that the cells
did not suffer fatal laser irradiation damage or that the
Zn?* indicator started to fluoresce over time in the ab-
sence of zinc (47 cells/frame, 0 cells Pl positive, and 0%
cell death). Incubation with 20 pwg/mL ZnCl, (Figure 3B)
resulted in an increase of FluoZin3 fluorescence in a dif-
fuse pattern in the cytoplasm, indicating a rise in intra-
cellular Zn?* concentrations. Most cells in the field of
view reacted fairly synchronously (see inset Figure 3B
after 5 h). After ~4—5 h, numerous cells started to show
extensive plasma membrane swelling, followed by a
sharp drop in FluoZin3 fluorescence, probably indicat-
ing the leakage of the Zn?* —dye complex from the
cells. Concomitantly, an increase in Pl fluorescence was
observed indicating cytotoxicity (47 cells/frame, 7 cells
Pl positive, and 14.9% cell death after 340 min). In con-
trast, incubation of HMMs with 20 pwg/mL ZnO (Figure
3C) showed a much more heterogeneous reaction (see
inset Figure 3C after 5 h); some cells died as early as 2 h
postexposure, and some died around the 5 h time mark.
This may be explained by the particulate nature of the
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ZnO nanowires and by their tendency to aggregate,
which can expose cells locally to variable concentra-
tions of ZnO. Cytotoxicity was characterized by a steep
increase in FluoZin3 fluorescence inside the cells, prob-
ably due to the rapid intracellular dissolution of the
ZnO0. This was followed by cell swelling and a drop in
FluoZin3 fluorescence accompanied by the increase in
Pl fluorescence (36 cells/frame, 5 cells Pl positive, and
13.9% cell death after 340 min). The live imaging results
for controls, ZnCl, and ZnO, incubations are best
viewed in movie form (Supporting Information, Figure
S1). These results suggest that the cytotoxicity of ZnO is
due to increases in ionic Zn** following entry of the
nanowires into the cell. Cell morphology suggested ne-
crosis as the path of cell death, similar to the study of
Zaveri et al.?’ The occurrence of early deaths indicates
that nanowire dissolution may start quite rapidly.

Zn0 Nanowire Dissolution in Simulated Body Fluids. Several
studies’ 171920 have shown that the toxicity of globu-
lar ZnO NPs is due to the release of ionic zinc. However,
in most cases it was unclear whether dissolution oc-
curs in the extracellular medium before uptake or intra-
cellularly following ingestion. Xia et al. suggest that
ZnO NP dissolution can occur in the extracellular me-
dium as well as intracellularly.’® In order to address this
issue in our study, ZnO nanowires were exposed to
two different simulated body fluids (SBFs) in vitro: SBF
similar in ionic composition and pH to extracellular fluid
(ex-SBF, pH 7.4) or SBF more akin to lysosomal fluid
(lyso-SBF, pH 5.2). Neither SBF contained any protein.
After incubation of ZnO nanowires in SBFs for 30 min
at 37 °C, solutions were filtered to remove nondissolved
ZnO nanowires. The amounts of total Zn and dissolved
ionic Zn?* were quantified by ICP-MS (Figure 4, top
panel). In ex-SBF pH 7.4, only 4.45% (SE * 0.006) of Zn
was found in the dissolved fraction, whereas in lyso-SBF
pH 5.2 the ionic Zn?* fraction constituted 99.33% (SE
+ 0.19) of the total. The Zn concentrations of SBFs and
DCM solvent controls were near the detection limit (not
shown). The ratio of ZnO: solvent (respective SBF) for
the dissolution experiments was approximately 1:3819
(w/w), indicating that the buffers were in vast excess.
The ready solubility of ZnO under acidic conditions is
well-known, and the thermodynamic behavior of zinc
in aqueous solution has been described in detail.?® Our
results using SBFs for dissolution show that ZnO nano-
wires, if taken up by cells, could dissolve rapidly at lyso-
somal pH, whereas dissolution in the extracellular me-
dium would be comparatively slow.

We also studied the dissolution of ZnO nanowires
in SBFs by TEM. After 30 min in ex-SBF pH 7.4, no signifi-
cant changes to the morphology of ZnO nanowires
were apparent indicating that there was little dissolu-
tion (Figure 4A). In contrast, after only 10 s in lyso-SBF
pH 5.2, the nanowires showed a jagged and irregular
surface and started to break up. After 2 min, virtually no
nanowires were left on the grid (not shown). Zhou et
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Ao r , : : : : ,
0 50 100 150 200 250 300 350
time (min)
40
35
30
25
g 20
15
10
5
Bo T T T T T T T
0 50 100 150 200 250 300 350
time (min)
40
35
30
25
20
S
10
5 |
c? ' ' ' ' ! '
0 50 100 150 200 250 300 350
time (min)

Figure 3. Confocal live imaging. HMMs were loaded with the cell-
permeant Zn** indicator FluoZin3-AM (green fluorescence) prior to in-
cubation with (A) imaging buffer (NA control), (B) 20 pg/mL ZnCl,, or
(C) 20 pg/mL ZnO/4. Pl was included to stain the nuclei of dead cells.
Images were acquired over a time course of ~5—6 h. Fluorescence in-
tensities were measured within a representative region of interest
and expressed as f/f0 (f0 = fluorescence intensity in arbitrary units at
t = 0). Insets are movie stills after 5 h of incubation and illustrate the
homo/heterogeneity of the cellular responses to ZnCl, and ZnO
nanowires, respectively. Movies are shown in Figure S1 in the Support-
ing Information

al. have studied the dissolution of ZnO in a range of so-
lutions by SEM." The etching process usually started at
the edges of the hexagonal wires, leaving the flat sur-
faces initially spared, resulting in a jagged appearance
of the wires similar to the morphology seen in our study
in SBFs. In the presence of serum, the dissolution rate
was decreased, and the nanowire surface appeared
smooth during dissolution,’ indicating that protein in-
teraction can affect this process. The inhomogeneous
nature of the dissolution is related to the effect of local
environmental species on the ZnO wurtzite lattice; this
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Figure 4. Dissolution of ZnO nanowires (ZnO/6) in SBFs. Top graph: purified ZnO nanowires were incubated in ex-SBF pH
7.4 or in lyso-SBF pH 5.2 for 30 min prior to analysis of total and dissolved zinc by ICP-MS. Values represent the percentage
of dissolved zinc (mean = SE of triplicate measurements). Bottom panel: purified ZnO nanowires were incubated in ex-SBF
pH 7.4 for 30 min (A) or in lyso-SBF pH 5.2 for 10 s (B) before imaging by TEM. Scale bars are 100 nm.

has both polar and nonpolar faces which exhibit differ-
ent rates of dissolution and which can be differentially
stabilized by specific adsorption.?

Uptake and Dissolution of Zn0 Nanowires in HMMs. Many
studies investigating the toxicity of small size, globular
ZnO NPs lack TEM imaging data. This may be due to the
fact that the smaller particles either dissolve more rap-
idly or cannot be identified inside the cells due to their
small size. In human bronchial epithelial cells, fluores-
cently labeled ZnO NPs were located to caveoli,
whereas in RAW264.7 macrophage cells, they were
found in lysosomes.’® In human aortic endothelial cells,
ZnO NPs were mostly bound at the cell surface,
whereas they were located in endosomes in human
lung epithelial cells.?®

In our study, HMMs were incubated with 50 wg/mL
ZnO nanowires (Zn0O/3) for 1 h to allow uptake to take
place. Then, cells were washed and either fixed imme-
diately (0 h time point) or cultured on in the absence of
nanowires for various lengths of time before process-
ing for TEM (Figure 5). At the earliest time point (Fig-
ure 5A and B), the wires often appeared almost trans-
parent, probably due to dissolution of the extremely
acid-labile ZnO during TEM sample processing, compli-
cating the interpretation of intracellular dissolution.
Nevertheless, it was clear that cells avidly phagocy-
tised large aggregates of the nanowires within 1 h of ex-
posure (Figure 5A). A thin, electron-dense layer was vis-
ible on their surface (Figure 5B, arrows) indicating
O
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material/protein deposition. This material could be de-
rived from the cell culture medium, the cells, or both.
Extremely electron-dense material was present at the
pointed end of the nanowires, probably some gold
remnants from the synthesis template (Figure 5B, ar-
rowheads). After 1 h of chase, numerous cells contained
intracellular bundles of nanowires, which were con-
tained within membrane-bound organelles, probably
phagosomes or lysosomes. In some cells, electron-
dense staining appeared at the margins of the wires,
which had the appearance of crystalline precipitates
(Figure 5C and D). The formation of these crystalline de-
posits could be due to supersaturation of the lysoso-
mal contents with zinc during dissolution of the com-
paratively large nanowires in the small volume of the
lysosomes. After 4 h, the intracellular nanowires were
often surrounded by round structures, which could rep-
resent small vesicles or protein precipitates (Figure 5F,
arrows). After 24 h of chase, cells frequently contained
numerous aggregates of ZnO nanowires, the outline of
which was still preserved and smooth in appearance
(Figure 5G and H), although it was not clear whether
zinc was left in these ‘ghost’ structures. Nanowire struc-
tures were still contained within membrane-bound
compartments (Figure 5H, arrows), and in some places,
the round, vesicular structures were still found in their
vicinity (Figure 5H, arrowheads). Increasingly, the wires
were uniformly electron dense through their entire
thickness showing that deposition and pervasion of

www.acsnano.org
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Figure 5. BF-TEM of HMMs after exposure to ZnO. Cells were incubated with ZnO for 1 h, washed, and either fixed immedi-

ately (A and B) or cultured on in the absence of nanowires for 1 h (C and D), 4 h (E and F), or 24 h (G and H) prior to process-
ing for TEM (n = nucleus).

ZnO nanowires with electron dense, organic material
had taken place during the 24 h. Energy-filtered TEM
(EF-TEM) jump ratio mapping at the Zn L2,3 edge indi-
cated that the crystalline precipitates observed in Fig-
ure 5C and D remained Zn-rich (see Figure 6).

The preservation of ZnO nanowire ‘ghosts’ seen in
our study in HMMs could be explained in two ways:
First, interaction of cellular components with the wires
may affect their dissolution rate and morphology in a
similar manner as observed in vitro in the presence of
serum.” Upon incubation with plasma, ZnO NPs were
shown to bind a range of plasma proteins in vitro.>
Anisotropic dissolution, characterized by a hollowing
out of the ZnO nanowires to form hexagonal tubes, has
been reported to occur in vitro.2#? It is not certain from
TEM imaging whether this mechanism is responsible
for ZnO nanowire dissolution in our study due to tech-
nical limitations. Imaging by 3D electron tomography

www.acsnano.org

500 nm H

may be able to answer this question. Alternatively, the
preservation of ZnO nanowire ‘ghosts’ may be due to a
fixative effect of ionic Zn?* upon release from the
nanowires. The rounded, electron-dense structures
near the nanowires visible in TEM may represent such
protein precipitates. Zinc-based fixatives are finding in-
creasing application for tissue fixation in histopathol-
ogy, although the exact molecular basis of the fixation
process is still unknown.?'

Zn0 Nanowire Dissolution in HMMs. It seemed clear from
TEM imaging that some ZnO dissolution had taken
place during TEM sample processing. We therefore also
used SEM and energy-dispersive X-ray spectrometry
(EDX) analysis (Figure 7) to study ZnO nanowire up-
take and dissolution in HMMs (Zn0O/4). Cells were incu-
bated with 50 wg/mL ZnO for 1 h and were either pro-
cessed immediately (0 h time point, Figure 7B) or
cultured on in the absence of nanowires for 4 or 24 h
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Figure 6. Analysis of electron-dense deposits by EF-TEM. After a pulse (1 h) with ZnO nanowires, HMMs were cultured in
the absence of nanowires for 1 h before processing for TEM. Electron-dense, crystalline deposits were found inside the cells
by BF-TEM (left). Analysis by EF-TEM showed that these deposits (light-colored areas in image on the right) are still Zn-rich
(Zn L2,3 edge jump ratio maps using a 40 eV energy slit and using pre- and postedge energy windows centered at 995 * 20
and 1040 = 20 eV, respectively).
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Figure 7. SEM and EDX analysis of ZnO uptake in HMM:s. Cells were incubated with culture medium only (A) or with ZnO
nanowires for 1 h. Then, cells were either processed immediately (B) or cultured on in the absence of ZnO for 4 h (C) or 24 h
(D). Images on the left (SE detector) show cells in detail; panels on the right are corresponding EDX spectra with their respec-
tive high Z/BSE images.
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(4 and 24 h time points; Figure 7C and D, respectively).
However, after the exposures, cells were immediately
quench-frozen and freeze-dried, which should minimize
any dissolution artifacts to the ZnO nanowires during
processing. Samples were first screened using the back-
scatter electron (BSE) detector at 20 keV to locate areas
with high atomic number (2), and spectra were ac-
quired in those areas (Figure 7, spectra and insets). Sub-
sequently, high-resolution images of these areas were
taken at 5 keV using the secondary electron (SE) detec-
tor (Figure 7, images on left).

No areas with high Z were located in the NA con-
trols (Figure 7A), and no zinc peaks were present. In
contrast, many areas with high Z were found in the 0 h
time point. In Figure 7B, a larger aggregate of ZnO
nanowires can be seen on the surface of the cell, prob-
ably in the process of phagocytosis. The corresponding
EDX spectrum clearly shows the presence of zinc. After
a 4 h chase period, areas with high Z were harder to
find, indicating that ZnO dissolution was taking place.
In Figure 7C, an intracellular ZnO aggregate is pin-
pointed by the arrow; the corresponding EDX spec-
trum confirms the presence of zinc. After a 24 h chase
period, only a single intracellular area with high Z could
be found in the sample (Figure 7D), which was con-
firmed as zinc, whereas the vast majority of cells lacked
a zinc peak. This indicates that after 24 h, most ZnO
nanowires had been dissolved by the cells. Occasion-
ally, areas of high Z showed the presence of gold, rep-
resenting remnants of the synthesis template (not
shown). After the 24 h chase period, no zinc peaks
were detected in intracellular areas of low Z. This could
indicate that ionic zinc is exported from the cells or
that it leaches out due to membrane damage. Alterna-
tively, intracellular, dispersed Zn?* concentrations may
be too low to produce a signal in SEM/EDX.

Mode of Cell Death Induced by Zn0 Nanowires. In the neu-
tral red assay, incubation of HMMs with ZnO nano-
wires and ZnCl, resulted in very similar toxicity pro-
files. This may seem surprising, considering that zinc
delivery to the cells probably differs between the two
compounds. Soluble, ionic Zn?* from ZnCl, may simply
enter the cells by diffusion across the plasma mem-
brane or through ion channels in a homogeneous man-
ner throughout the culture. In contrast, uptake of ZnO
nanowire aggregates by phagocytosis results in a fairly
heterogeneous delivery of zinc to HMMs, with some
cells receiving vast amounts and others maybe very
little. In our opinion, the similarity of toxicity profiles in
the neutral red assay after 24 h is caused by the rapid
uptake of ZnO nanowires by HMMs (as seen in TEM),
rapid intracellular dissolution at acidic pH (Figures 3 and
4), and spillage of free, ionic Zn?" into the surrounding
culture medium. Zn2?* released from dying cells is then
free to exert more cytotoxicity to neighboring cells in
the culture. SEM/EDX confirmed that hardly any intact
ZnO nanowires were present in cells at this time point.
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However, the neutral red assay allows no distinction be-
tween different modes of cell death, i.e., necrosis ver-
sus apoptosis, and therefore this was assessed using im-
aging techniques.

Cytotoxicity observed by live imaging confocal
microscopy in HMMs showed features of necrosis, such
as cell swelling. Cell ultrastructure after incubation with
ZnO nanowires was monitored in more detail by BF-
TEM. Exposure of HMMs to ZnO nanowires led to se-
vere structural changes in the cells (Figure 5A—H). At
the 0 and 1 h time points (Figure 5A—D), the cells gen-
erally still appeared healthy with numerous cell surface
protrusions and a finely granular nucleus. The cyto-
plasm contained extensive endoplasmatic reticulum
and normal mitochondria with a slightly electron-dense
matrix and an extensive cristae. After a 4 h chase pe-
riod, some of the cells showed signs of toxicity (Figure
5E) with some characteristics of necrosis, such as a
leached-out cytoplasm. In contrast, mitochondria typi-
cally showed a very electron-dense matrix and swelling
(Figure 5E, arrows), changes more reminiscent of apop-
tosis. After 24 h of chase, the overall culture was quite
heterogeneous, with some cells showing severe toxic-
ity, while others still had a fairly healthy morphology;
quite similar to the results seen in the live imaging ex-
periments. For comparison, the effect of ionic Zn** on
the ultrastructure of HMMs was also tested (Figure 8).
Control cells showed a normal morphology with
healthy mitochondria, as described above (Figure 8A
and B arrows). With increasing concentrations of ZnCl,,
HMM s displayed morphological changes indicative of
cytotoxicity with increasing severity. After exposure to
ZnCl, solutions of 6 wg/mL Zn concentration, cells
started to lose surface protrusions, and the nuclear
chromatin became more condensed. The matrix of
mitochondria became more electron dense, and their
cristae started to swell (Figure 8C, D arrows). After 24 h
with 8 wg/mL Zn, the cells started to show cell surface
blebbing, a highly lobular nucleus with increasing chro-
matin condensation and highly pyknotic mitochondria
(Figure 8E and F arrows), indicative of apoptosis. At the
top concentration of 12 pg/mL Zn, the cells were
largely necrotic with leached out cell contents and
highly condensed nuclear chromatin. Individual cyto-
plasmic organelles, including mitochondria, were al-
most unrecognizable (Figure 8G and H arrow). Taken to-
gether, HMMs treated with either ZnO wires or ZnCl,
show signs of apoptosis, such as chromatin condensa-
tion and mitochondrial pyknosis as well as signs of ne-
crosis, such as plasma membrane rupture and leaching
of cytoplasmic contents. In the case of ZnCl,, apoptosis
was more often seen at lower zinc concentrations,
whereas necrosis was a more prominent feature at
higher concentrations. In the case of ZnO wires, the
cells will have been exposed locally to highly variable
concentrations of zinc, explaining the presence of ne-
crotic as well as apoptotic features in our study. There-
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Figure 8. BF-TEM of HMMs after ZnCl, exposure. HMMs were incubated with medium only (A and B) or with 6 pg/mL
(C and D), 8 ng/mL (E and F), or 12 ng/mL (G and H) ZnCl, for 24 h. Arrows point to mitochondria (n = nucleus).

fore, although soluble, ionic Zn?" is the toxic species in
both cases, the mode of cell death and with it cellular
ultrastructure can vary depending on the speed and se-
verity of the toxic insult.

Zinc's role in apoptosis is complex, and it has been
found to inhibit as well as induce it.3? Apoptosis was ob-
served in a variety of neuronal cell types due to zinc
dyshomeostasis."' 32933 One possible target for zinc
action is inhibition of cellular energy production with
effects on the electron-transport chain, the mitochon-
drial membrane potential, and the induction of mito-
chondria permeability transition.3*3> This may explain
the ultrastructural changes to HMM mitochondria ob-
served in our TEM studies. In addition, ZnO NPs have
been shown to induce cell death by inducing ROS pro-
duction, lipid peroxidation, and DNA damage.'8193¢
Considering the number of cellular processes and sig-
naling pathways zinc is involved in, it is not surprising
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that zinc dyshomeostasis can induce cell death by dif-
ferent pathways depending on concentration, condi-
tions, and cellular target.

Implications for Zn0 Nanowire Applications. The combina-
tion of intracellular dissolution and resulting cytotoxic-
ity from ionic Zn?* observed in this study could make
ZnO nanowires potential candidates for drug targeting,
if dissolution rate and delivery could be modulated
and controlled. Doping of ZnO nanowires with other el-
ements, such as cobalt or manganese, may affect their
dissolution rates and degree of toxicity. George et al.
have shown that doping of ZnO nanoparticles with iron
slows down their dissolution rate and concomitantly
their cytotoxicity to endothelial and macrophage cells
in culture.’” Protein adsorption onto ZnO NPs has been
shown to depend on the surface charge of the particle
and the protein. Incubation in cell culture medium re-
sulted in protein and Ca?" adsorption onto the ZnO
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NPs, which affected their cytotoxicity.3® In the cyano-
bacterium Anabaena flos-aquae and the protist Euglena
gracilis, coating of ZnO NPs with different protective
layers led to changes in uptake pattern and to variable
effects on photosynthetic activity and viability.3° Phos-
phonic acids were used to link specific targeting anti-
bodies to ZnO nanowires, which indicates that function-
alization of ZnO nanowires is feasible.*® Leakage of
Zn?" into the systemic circulation due to dissolution of
ZnO vectors would probably be well tolerated as re-
ports of zinc toxicity to humans are rare. In fact, 8—11
mg/day is the recommended daily allowance for zinc in
adults in the United States.*'

CONCLUSIONS

Our study shows that high aspect ratio ZnO nano-
wires are cytotoxic to human monocyte macrophages
(HMM:s) in culture at similar concentrations as ZnCl,, in-
dicating that ionic Zn?* is released resulting in the ob-
served toxicity. Confocal fluorescence microscopy con-
firmed arise in intracellular, free Zn?* prior to cell death.

METHODS

Zn0 Template Synthesis. ZnO nanowires were fabricated by elec-
trodeposition into a nuclear track-etch polycarbonate mem-
brane. The rated membrane thickness, nominal pore size, and
pore density were respectively 25 pm, 50 nm, and 6 X 10° pores/
cm?. One side of the polycarbonate membrane was first coated
with a 100 nm thick layer of gold, by sputter deposition, to serve
as a working electrode. The electrical contact was made to the
membrane working electrode using a stainless steel plate. A
platinum mesh was used as the counter electrode, and an Ag/
AgCl (3 M KCI) electrode was used as the reference electrode.
Electrodeposition was performed in electrolyte containing 0.1
M Zn(NOs), at a constant potential of —0.8 V vs Ag/AgCl at 65 °C.
The reduction of nitrate ions in an aqueous solution serves as a
source of hydroxide ion resulting in a pH-induced precipitation
at the working electrode. The formation of ZnO follows the fol-
lowing mechanism:*

NO; + H,0 + 2~ — NO, + 20H~
Zn** 4+ 20H™ — ZnO + H,0

Liberation of Zn0 Nanowires from Their Templates. ZnO nanowire
templates (size ~1—1.5 cm?), complete with gold foil and poly-
carbonate polymer, were incubated in 2 mL DCM for ~1 h to dis-
solve the polycarbonate template. After gently agitating the so-
lution to dislodge the nanowires, the gold foil was removed with
a pair of forceps. ZnO nanowires were collected by centrifuga-
tion at ~2000 g, and the resulting pellet was washed six times
with 2 mL of DCM to remove dissolved polycarbonate residue.
Then, DCM was allowed to evaporate under a stream of nitro-
gen, and the resulting ZnO nanowires were suspended in pure
ethanol. The concentration of ZnO nanowire stock solutions was
determined using an Elan DRC™“s inductively coupled plasma
mass spectrometer (ICP-MS) (Perkin-EImer Sciex, Beaconsfield,
U.K.) via the measurement of ®4Zn, %Zn, and ®Zn isotopes to es-
tablish total zinc concentration. These isotopes were selected
as they exhibit a high natural abundance and therefore provided
the most sensitive analysis. ZnO nanowire stock solutions were
treated with 5% HNO; prior to analysis to ensure total ZnO dis-
solution. A standard additions approach was employed whereby
unknown samples were spiked with a source of zinc nitrate
(zinc calibration standard solution, 1000 mg/L, Fisher Scientific,
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Inductively coupled plasma mass spectrometry
(ICP-MS) analysis measured rapid dissolution of ZnO
nanowires in simulated biofluids (SBFs) of lysosomal pH,
whereas comparatively little dissolution was occurring
at extracellular pH, demonstrating that ZnO nanowire
dissolution occurs primarily inside the cells. Bright-field
transmission electron microscopy (BF-TEM) showed
rapid uptake of ZnO nanowire aggregates in HMMs by
phagocytosis and intracellular dissolution within a
membrane-bound compartment, probably lysosomes.
Dissolution of ZnO nanowires by HMMs within 24 h was
confirmed by scanning electron microscopy/energy-
dispersive X-ray spectrometry (SEM/EDX). In conclusion,
ZnO nanowires are avidly ingested by HMMs and are
highly cytotoxic, due to pH-triggered dissolution of the
wires and intracellular ionic Zn?* release. The induced
cell death had features of both necrosis and apoptosis
with severe ultrastructural changes to the mitochon-
dria, suggesting that toxicity may be mediated by inhi-
bition of cellular energy production.

Loughborough, U.K.) of incremented concentration. Unknown
total zinc concentration was subsequently established follow-
ing backward extrapolation of a series of spike calibration
graphs.

Characterization of Zn0 Nanowires. SEM of ZnO was performed
with a Philips XL30 FEG-SEM operating at 5 kV using the second-
ary electron detector. Liberated ZnO nanowires were sputter
coated with a 5 nm gold coating to prevent sample charging.
TEM was performed with a Philips CM100 electron microscope
operated at 80 kV. Nanowire dimensions were measured using
Image) freeware (http://rsb.info.nih.gov/ij/). HR-TEM images
were taken using a Titan electron microscope at 300 kV. Zn L2,3
edge jump ratio maps were acquired using a 40 eV energy slit us-
ing pre- and postedge energy windows centered at 995 = 20
and 1040 = 20 eV, respectively.

Isolation and Culture of Human Monocyte Macrophages. Mature hu-
man macrophages (HMMs) were obtained by in vitro culture of
human monocytes isolated from human buffy coat residues (Na-
tional Blood Service, Brentwood, U.K.), as described previously.*
Briefly, monocytes were enriched by centrifugations on Ficoll
and Percoll density gradients and seeded on tissue culture plates
using macrophage serum-free medium (Mg-SFM; Invitrogen)
supplemented with 100 U/mL penicillin and 100 pg/mL strepto-
mycin. After incubation for 1 h at 37 °C, cells were washed twice
with PBS to remove any remaining nonadherent cells, and
monocytes were cultured at 37 °C in humidified air/5% CO, for
at least 6—7 days prior to experiments, renewing the culture me-
dium twice a week.

Neutral Red Assay. Following incubations, sample solutions
were removed, and neutral red was added at a concentration of
40 pg/mL in Mg-SFM for 3 h at 37 °C in the dark. Then, cells
were rinsed with PBS, and 500 p.L extracting solution (50% etha-
nol, 1% glacial acetic acid) was added to each well. Plates were
incubated for 15 min at room temperature in the dark to dissolve
the dye, and 200 p.L of dye extract was transferred to 96 well
plates. Absorbance was measured at 570 nm using an ASYS
HiTech Expert Plus plate reader, and cell viability was expressed
in % based on a NA control.

Confocal Laser Fluorescence Microscopy. For live imaging, HMMs
were cultured on 35 mm g glass-based culture dishes (Iwaki, Ja-
pan) using Mg-SFM medium. Prior to imaging, cells were rinsed
one time with warm imaging buffer (10 mM HEPES pH 7.4 con-
taining 145 mM NaCl, 5 mM KCI, T mM MgSO,, 1.5 mM CaCl,, and
0.16% glucose) and loaded with 5 uM of the cell-permeant Zn**
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indicator FluoZin3-AM (Invitrogen, U.K.) for 20 min at 37 °C (1
mL/insert in imaging buffer). After rinsing twice with warm imag-
ing buffer, sample solutions were added in 2 mL imaging buffer
containing 10 pg/mL PI (Sigma, U.K)). Live imaging was started
immediately after addition of sample solutions using a Leica SP2
confocal laser microscope with an environmental chamber set
to 37 °C. Imaging inserts were covered with a glass coverslip to
avoid buffer evaporation. The 488 nm laser line was used to ex-
cite both FluoZin3-AM (ex 494 nm/em 516 nm) and Pl (ex 535
nm/em 617 nm). The pinhole was set to ~5 AU to optimize im-
age capture while minimizing irradiation damage to the live
specimen. Images were acquired over a time period of ~5—6 h
(1 frame/4 min) using a 20x objective (oil immersion, zoom 4).
Fluorescence quantification (f/f0) was carried out using LCSLite
Confocal Software (Leica, Germany).

Zn0 Nanowire Dissolution in SBFs. The composition of SBFs was
as follows: (1) ex-SBF pH 7.4, 25 mM HEPES—NaOH pH 7.4 con-
taining 1 mM Na,HPO,, 2 mM CaCl,, 1T mM MgCly, 5.8 mM KCl,
140.8 mM NaCl, and 5.6 mM glucose; (2) lyso-SBF pH 5.2, 25 mM
MES—NaOH pH 5.2 containing 0.5 mM CaCl,, T mM MgCl,, and
200 mM KCI. ZnO nanowires (ZnO/7) liberated from their tem-
plates were incubated in 400 pL of ex- or lyso-SBF at 37 °C for 30
min. Two aliquots of 50 pL each were taken for the measure-
ment of total Zn concentration. Undissolved ZnO nanowires
were then removed by centrifugation for 10 min at room tem-
perature (RT) in a table-top centrifuge using Vivaspin 500 filter in-
serts (3000 Da molecular weight cut off; Sartorius Stedim Bio-
tech). Three aliquots of the filtrate were taken for the estimation
of dissolved Zn concentration. Aliquots were diluted using 5%
aqueous HNO; ensuring complete dissolution of ZnO for analy-
sis by ICP-MS. DCM solvent controls were prepared in an analo-
gous manner. Total Zn concentration was established via the
measurement of all five stable isotopes of zinc (®4Zn, %°Zn, ©’Zn,
%Zn, and 7°Zn) using the ICP-MS instrumentation previously de-
scribed. Being the most abundant, the %Zn, Zn, and %Zn iso-
topes were used to establish zinc concentration of a lower con-
centration; the ¢Zn and 7°Zn isotopes were selected for
measurement of high concentration. Zn quantification was un-
dertaken via external calibration with a series of matrix-matched
zinc nitrate standard solutions (as above) of the approximate
range of 0.5—3000 pg L. Analyte signal interference from ionic
species of a similar mass-to-charge ratio to Zn was shown to be
minimal by analysis of matrix-matched SBF blank solutions, and
measurements were subsequently corrected by background
subtraction.

Morphological dissolution of ZnO nanowires in SBFs of pH
5.2 and 7.4 was studied by TEM (ZnO/6). Five L of ZnO/6 stock
solution (in EtOH) was pipetted onto a 400 mesh holey carbon
film grid and allowed to dry. Then, grids were submerged in 2 mL
of SBFs at 37 °C for various lengths of time and quickly blotted
dry using filter paper before viewing by TEM.

Sample Processing for TEM. For ZnCl, control experiments, HMMs
were grown on six-well tissue culture plates. Following expo-
sure to ZnCly, cells were washed in 0.9% saline and fixed in 4% gl-
utaraldehyde/0.1 M PIPES buffer pH 7.2 for 1 h at 4 °C. After fixa-
tion, cells were scraped using a cell scraper and processed for
TEM as described below in the form of a cell pellet. Due to the
scarcity of the material, HMMs were grown on plastic-bottom
culture inserts (Ibidi p-dishes, Thistle Scientific, U.K.) for the ZnO
experiments. Following exposures, cells were rinsed, fixed, as
above, and then processed for TEM as monolayers in situ with-
out scraping. Following fixation with glutaraldehyde, cells were
rinsed several times in deionized water (DIW) to remove the fixa-
tive. Then, samples were osmicated (1% OsO,, 0.15% potassium
ferricyanide, and 2 mM CaCl, in DIW) for 1 h at RT. Again, the
samples were washed several times with DIW and then bulk
stained for 1 h at RT in the dark using uranyl acetate. Following
two washes in DIW, the samples were dehydrated in graded so-
lutions of ethanol (70, 95, and 100%), three times in each for 5
min, respectively. After two additional washes in 100% acetoni-
trile, the sample was infiltrated with Quetol 651 resin over four
days using fresh resin each day. Resin was cured at 60 °C for 24 h.
Ultrathin sections (~70 nm) of cell pellets or monolayers were
cut using a Leica Ultracut E ultramicrotome and mounted on 300
mesh bare copper grids. In some cases, sections were post-
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stained for 2 min each in uranyl acetate and lead citrate and
viewed using a Philips CM100 TEM operated at 80 kV. A multi-
tude of cells were scanned by TEM to obtain a general impres-
sion of the sample, before images were taken.

Analysis of Zn0 Nanowire Uptake by SEM/EDX. HMMs were grown
on 10 mm @ Melinex coverslips (Agar Scientific) and incubated
with 50 pg/mL ZnO nanowires (ZnO/4) for 1 h. Then, the cells
were either processed for SEM immediately (0 h time point) or
cultured on in the absence of nanowires for 4 h (4 h time point)
or 24 h (24 h-point). Coverslips were quickly dipped twice in ice-
cold distilled water, quench-frozen in propane cooled in liquid
nitrogen, freeze-dried using an Edwards Auto 306 Turbo,* and
carbon coated. SEM was carried out with a Philips XL-30 FEG-
SEM. Images were taken with an accelerating voltage of 5 kV.
EDX analysis was performed at 20 kV using an INCA x-sight ana-
lyzer and INCA software (Oxford Instruments).

Statistics. The significance of cytotoxicity experiments was cal-
culated using Analyze-iT software embedded into ExCel using a
one-way ANOVA followed by a least significant difference (LSD)
posthoc test. Differences of p = 0.01 were chosen as significant.
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