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We prepared ZnO-containing nanomaterials of different-sized native ZnO and isotope-enriched %87n0
nanoparticles (NPs) with well-characterized composition and applied them to HaCaT cells for in vitro
cytotoxicity study. ToF-SIMS was applied to probe spatially-resolved intracellular changes. Elevated level
of intracellular Zn correlated well with decreased *’K/*Ca upon increased ZnO NPs exposure, indicating
that the dissolving behavior of ZnO NPs played an important role in inducing cytotoxicity. Furthermore, the
coherency of spatial distribution between elevated Zn and decreased *K/*°Ca leads us to propose the
presence of local cytotoxicity effect by ZnO NPs. Similar results were obtained irrespective of the use of
native or isotope-enriched ZnO NPs, indicating the negligible contribution to cytotoxicity from intrinsic

Zn*",

1. Introduction

The nano-scaled zinc oxide (ZnO) possessing
many unique and advantageous properties is
considered as the mnext most important
nanomaterials (NMs) after carbon nanotubes [1].
The considerable rise of using NMs in industrial
application has caused increased concerns of
human exposure, rendering the safety evaluation
of NMs being a priority issue [2-4].
Nanotoxicology, defined as “science of
engineered nanodevices and nanostructures that
deals with their effects in living organisms” [5], is
expectedly becoming an important research field
[6-8]. ZnO nanoparticles (NPs) of different size
and shape have been reported to result in different
extent of toxicological effects on cells and
organisms. For example, acute oral toxicological
impact on healthy adult mice study, however,
revealed little difference in toxic effects between
submicro- and nano-scaled ZnO particles (120 and
20 nm) [9]. Herein, we prepared ZnO NPs with
well-characterized material properties, aiming to
better understand the material characteristics
effect on induced cytotoxicity.
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The possibility of false positive results from
spectroscopic interferences (*Ar**Mg on *Zn),
non-spectroscopic interferences (matrix effects),
and background interferences render trace element
analysis in biological samples using mass
spectrometry a challenging task [10]. Herein, we
prepared ®*ZnO NPs (98% “*Zn purity) as an
isotopic tracer in dermal exposure experiment to
discriminate signals from intrinsic Zn species.
Intracellular and spatially-resolved chemical
composition is critical for revealing the possible
correlation between ZnO NPs and cytotoxicity
effect. We used time of flight secondary ion mass
spectrometry (ToF-SIMS) [11-13] as a rapid
imaging tool for this purpose. To our knowledge,
this is the first report using ToF-SIMS for in vitro
cytotoxicity study of ZnO NPs on HaCaT cells.

2. Experimental
2.1 Reagents

Zinc acetate [Zn(CH3COO),'2H,0] from
Showa (Japan), oxalic acid (H,C,042H,0) from
Merck (Germany), and acetate acid (CH;COOH)
of analytical grade from J.T. Baker (USA) were
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used as received. Micro-sized ®*Zn0O powder from
China Institute of Atomic Energy was used for
preparing ®ZnO NPs. Fetal bovine serum (FBS)
and Dulbecco’s modified eagle medium (DMEM)
from Invitrogen Corporation (USA),
Penicillin-Streptomycin Amphotericin B solution
(PSA) from Biological Industries (Israel),
Trypsin-EDTA buffer (TE buffer), and phosphate
buffered saline (PBS buffer) from Sigma-Aldrich
(USA) were used as received. De-ionized (DI)
water (> 18 MQcm'™") was obtained from a Milli-Q
waters system (Millipore, USA).
2.2 Preparation of native ZnO and
isotope-enriched *Zn0O NPs

The ZnO NPs were prepared according to
literature report [14]. The typical procedure
involved slowly injecting 0.3 M H,C,04,2H,0
solution into 0.2 M Zn(CH;COQ),-2H,0 solution
with a syringe pump (KD Scientific, USA). The
intermediate products (ZnC,0,) obtained after 12
h continuous stirring were collected, rinsed with
DI water, and freeze-dried to remove residuals.
The ZnO NPs were obtained after 3 h calcination
of the zinc oxalate at 400 °C. The ®*ZnO NPs were
prepared from micro-scaled *ZnO powder. In
brief, 3 mM H,C,04,2H,0 solution was slowly
injected into 50% acetate acid solution containing
dissolved micro-scaled  **ZnO. Similar
intermediate products (**ZnC,0,) were obtained
and processed using procedure similar to ZnO
NPs preparation to obtain ®ZnO NPs. The
obtained NPs were used in all experimental works.

2.3 Characterization

The morphology of ZnO NPs was examined
with a transmission electron microscope (TEM,
JEOL 2010, Japan) operating at 200 kV by
depositing sample onto the carbon-coated copper
grids. The crystalline structure was determined
using a powder X-ray diffraction (PXRD), which
was performed on Shimadzu XD-5 diffractometer
(Japan) operating with Cu Ka radiation at 40 kV
and A= 0.1540 nm. The mean hydrodynamic
diameter of NPs was determined by a dynamic
light scattering (DLS, Nano-ZS90, MALVERN,
UK) instrument.

2.4 Cell culture and treatment with ZnO and
%7Zn0 NPs

Human keratinocytes (HaCaT) cells, typically
used in vitro toxicological experiments of skin
damage or disease, were selected as the cellular
model. The HaCaT cells were cultured in a
medium (TE buffer, 10% FBS in DMEM, and

-306-

10% PSA, pH=6.5) and incubated at 37 °C under
5% CO, humidified atmosphere. The HaCaT cells
initially grew in 1x1 cm’silicon wafers (National
Nano Device Laboratories, Taiwan) placed at the
bottom of 24-well plate with a density of 1.0x10’
cells per well in 1.0 mL culture medium. The
harvested cells were subsequently exposed to
various dosage (10, 50, and 100 ug mL™) of ZnO
(and ®*Zn0) NPs and cultured at 37 °C for 24 h,
designated as experimental group. The control
group was simultaneously prepared using similar
procedures except using any ZnO (and **ZnO)
NPs.

2.5 Cell pretreatment and ToF-SIMS analysis
The harvested HaCaT cells were subjected to
3-step molecular imprint [15] and freeze-dried
preatreatment prior to ToF-SIMS analysis. In brief,
the medium containing residual NPs on the
sterilized Si wafers (designated as 1%) covered
with harvested cells were washed off with PBS
buffer. A sterilized Si wafer (designated as 2"
was applied and pressed onto the cell-covered
surface of 1% Si wafer in liquid nitrogen. After 10
min, the 2" Si wafer fractured from the 1% Si
wafer was pressed onto the Au top layer of a 3 Si
wafer in liquid nitrogen. The 3" Si wafer fractured
from the 2" Si wafer was freeze-dried and
subjected to ToF-SIMS analysis using a
ToF-SIMS 1V instrument (ION-TOF GmbH,
Germany) operated at a mass resolution of ~ 6000.
A primary ion gun consisting of 25 keV Ga" ions
with ion dose density (< 6.0x10" ions cm™), beam
radii of 2-10 um, and 1 pA pulse current was
employed. The ion dose density is well below the
co-called static limit, 10" jons cm™ [16]. Charge
compensation with a pulsed flood low-energy
electron gun was used. The ion images were
reconstructed from the surface mass spectra
scanned over a 70 um % 70 pum field view.

==avs
Fig. 1. The TEM images of (a) ZnO and (b) ®ZnO NPs,
respectively.
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3. Results and discussion
3.1 Characterization of ZnO and *Zn0O NPs
The particle size of the as-prepared ZnO and
8700 NPs measured by TEM (Fig. 1) is estimated
ranging from 20-30 and 15-25 nm, respectively.
Good agreement between the PXRD patterns
(results not shown) of ®ZnO NPs and ZnO
demonstrates successful preparation of ®*ZnO NPs
from micro-scaled ®*ZnO powder.

3.2 ToF-SIMS surface mass spectral analysis
The positive ion surface mass spectra of
HaCaT cells from the control and experimental
groups are shown in Fig 2. The *’K*, *’Ca’, and
%Zn" peak at m/z 39, 40, and 64 displayed
different variation trends, respectively. The peak
intensity at m/z 64 was presumably attributed to
#7n dissolved from ZnO NPs considering the
unfavorable ionization efficiency of ZnO under
Ga ion bombardment. The absence of *Zn" peak
in the mass spectrum of cells from control group
(Fig 2a), implying that the amount of intrinsic
%7Zn" was below the detection limit of ToF-SIMS
employed in this study. At 10 pg mL™ exposure
(Fig 2b), the **Zn" peak was still absent. However,
the relative peak intensity of *’K”to **Ca” became
smaller. At higher exposure (50 and 100 pg mL™),
the *Zn" peak intensity continued elevating as
shown in Fig 2c and 2d. A detailed inspection of
the relative peak intensity of **K/**Ca indicated
decreased *’K*Ca ratio with increased ZnO NPs
exposure on HaCaT cells. In the control group
(Fig 2a) and 10 ug mL™" exposure experimental
group (Fig 2b), the intensity of K* peak was
greater than *’Ca”. In contrast, the **Ca’ peak
intensity became greater than K’ at higher
exposure (50 and 100 pg mL™") as shown in Fig 2¢
and 2d. The expression of cellular K™ and Ca®*
channels by stimulating/inhibiting receptors in
cancer cells has been an intensive research subject.
There are reports demonstrated that K channel
activity was associated with Ca’"-induced
differentiation of human keratinocytes [17-18].
We presumed that the Ca®* channel in cell
membrane was activated once the HaCaT cells
were exposed to high level of ZnO NPs and
resulted in the expression of higher level of
intracellular Ca®>". As shown in Fig 2, the
intracellular *°Ca” peak intensity gradually
elevated with increased ZnO NPs exposure.
Accordingly, the K* channel activated by elevated
Ca™ might progressively result in decreased
intracellular **K* level as elucidated by ToF-SIMS
results. The **Zn" dissolved from ZnO NPs might
therefore play a critical role in inducing
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cytotoxicity.

In order to assure **Zn" dissolved from ZnO
NPs rather than the intrinsic ®Zn" or other
interfering species playing a critical role in
inducing cytotoxicity, we performed similar
exposure study using *ZnO (98% purity) NPs as
isotopic tracer. Fig 3 shows the positive ion
surface mass spectra of HaCaT cells from control
and experimental groups, respectively. Similar
trends of increased ®Zn" peak intensity
correlating with decreased *’K/*Ca ratio were
observed, confirming that the dissolving behavior
of ZnO NPs played an important role in inducing
cytotoxicity. The results obtained were
irrespective of using native ZnO NPs or ®*ZnO
NPs, indicating the negligible contribution to
inducing cytotoxicity from intrinsic Zn species.
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Fig. 2. The positive ion ToF-SIMS spectra of HaCaT cells
from (a) control, and experimental group of (b) 10, (c) 50, and
(d) 100 ug mL"" ZnO NPs exposure.
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Fig. 3. The positive ion ToF-SIMS spectra of HaCaT cells
from (a) control, and experimental group of (b) 10, (c) 50, and
(d) 100 pg mL™" %ZnO NPs exposure.
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3.3 ToF-SIMS image analysis

The correlation between increased Zn" peak
intensity ~ with  decreased ¥K/*Ca  ratio
qualitatively mentioned above is quantitatively
presented in Table 1. The ratio obtained
representing an average value from a 70 um x 70
um field and gradually decreased from 5.43 to
5.18, 0.51, 014 and 6.61, to 2.20, 0.34, 0.13 for
ZnO and ®*ZnO NPs, respectively. At the highest
100 ug mL™ exposure, similar ratio of 0.13~0.14
was obtained irrespective of the ZnO NPs used,
implying that the HaCaT cells were extensively
damaged. The heterogeneous distribution of ZnO
NPs examined under scanning laser confocal
microscopy (results not shown) in a separate study
prompts us to investigate the possibility of local
toxicity effect. Fig 4 shows the ToF-SIMS **Zn"
image of HaCaT cells exposed to 100 pg mL"

8710 NPs. The *’K/*Ca ratio spatially fluctuated.

For example, the ratio is 0.1, 1.1, and 0.8 in
%8 7Zn-enriched (Fig 4a) and **Zn-poor (Fig 4b and
4c) area, respectively. This coherency of spatial
distribution between elevated Zn" and decreased
K/*Ca lead us to propose the presence of local
cytotoxicity effect by Zn-containing species from
ZnO NPs. However, the exact location of the hot
spot is unclear based on current data. Future work
is warranted toward this end.

Table 1. The correlation between ZnO (or ®*Zn0) NPs dosage
and *K/*Ca ratio.

Dosage PK/*Ca
(ug mL™) Zn0O %7n0
0 543 6.61
10 5.18 2.20
50 0.51 0.34
100 0.14 0.13

(c)

Fig. 4. The ToF-SIMS ®Zn" image of HaCaT cells exposed to
100 pg mL" %ZnO NPs. (a) ®Zn-enriched area; (b) and (c)
87n-poor area.
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4. Conclusions

This study demonstrated that ToF-SIMS
successfully revealed the intracellular changes of
specific ion species induced by ZnO NPs on
HaCaT cells. The elevated level of dissolved Zn
ions from ZnO NPs correlated with decreased
¥K/PCa ratio was revealed from ToF-SIMS
surface mass spectral analysis, indicating that the
dissolving behavior of ZnO NPs played an
important role in inducing cytotoxicity. The
coherency of spatial distribution between elevated
Zn" and decreased *’K/*°Ca revealed by
ToF-SIMS image analysis indicates the presence
of local cytotoxicity effect by ZnO NPs. The
isotope-enriched ®*ZnO NPs possessing material
characteristics similar to native ZnO NPs is a
potential tracer in ZnO NPs research for
discriminating possible effect from intrinsic Zn
species. Label-free ToF-SIMS might open up new
avenues and become a paradigm tool for
nanotoxicology research.
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