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dissolution and subsequent transformation of ZnO and CuO nanoparticles
during toxicological testing and provide evidence that the nano-specific
effect of ZnO and CuO nanoparticulates is negligible in this system. We
strongly suggest to account for this aspect when interpreting the
toxicological results of ZnO and CuO nanoparticles.
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Abstract

Here we present evidence on complete transformation of ZnO and CuO nanoparticles, which are
among the most heavily studied metal oxide particles, during 24 h in vitro toxicological testing with
human T-lymphocytes. Synchrotron radiation-based X-ray absorption near edge structure (XANES)
spectroscopy results revealed that Zn speciation profiles of 30 nm and 80 nm ZnO nanoparticles, and
ZnS0O, exposed cells were almost identical with the prevailing species being Zn-cysteine. This
suggests that ZnO nanoparticles are rapidly transformed during a standard in vitro toxicological
assay, and are sequestered intracellularly, analogously to soluble Zn. Complete transformation of
ZnO0 in the test conditions was further supported by almost identical Zn spectra in medium to which
ZnO nanoparticles or ZnSO, was added. Likewise, Cu XANES spectra for CuO and CuSO, —exposed
cells and cell culture media were similar. These results together with our observation on similar
toxicological profiles of ZnO and soluble Zn, and CuO and soluble Cu, underline the importance of
dissolution and subsequent transformation of ZnO and CuO nanoparticles during toxicological
testing and provide evidence that the nano-specific effect of ZnO and CuO nanoparticulates is
negligible in this system. We strongly suggest to account for this aspect when interpreting the

toxicological results of ZnO and CuO nanoparticles.
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Background

Although a number of studies have discussed the transformation of nanoparticles during toxicity
testing, the extent and nature of these transformations is relatively difficult to qualitatively assess let
alone to quantify. In the case of metal oxides, one of the major transformations could be particle
dissolution which has been demonstrated for Zn, Cu and Ag-containing nanoparticles (see reviews by
Ivask et al. (2012) and Zhang et al. (2015)). One of the main methods that has been used to study the
dissolution of nanoparticles during toxicological testing has been separation of nanoparticulates and
dissolved ions by centrifugation or membrane filtration. For example, using centrifugation, the
dissolution of CuO in cell culture medium has been shown to reach 40% (Karlsson et al., 2014;
Semisch et al.,, 2014; Ivask et al., 2015) and the dissolution of ZnO 50% (Turney et al., 2012).
However, there is strong evidence that nanoparticles dissolution determined by different
methodologies may significantly vary. Turney et al. (2012) showed that dissolution of ZnO
nanoparticles was 5-fold different depending whether centrifugation or a dialysis membrane was
used to separate particles and ions. Moreover, dissolution studies are often difficult to translate to
real experimental conditions (e.g., in the presence of cells) and they do not provide information on
localized (e.g., intracellular) dissolution or other transformations that may take place with

nanoparticles during the test.

One alternative method to assess nanoparticle transformation and speciation during toxicological
testing is synchrotron radiation-based X-ray absorption near edge structure (XANES) spectroscopy.
XANES is capable of providing relative quantitative information about elemental speciation without
prior separation of particulates and ions (Qu et al., 2011, Grafe et al., 2014). This method is being
increasingly deployed in the field of nanotoxicology (Gilbert et al., 2012; Jiang et al., 2015; Wang et

al., 2015) due to recent enabling advances.

The aim of this study was to reveal the speciation of nanoparticulate ZnO and CuO before and during
toxicological testing. Even though the number of publications on ZnO and CuO nanoparticles and
their toxicity is significant, information on dissolution and transformation of those particles in the
test conditions is usually insufficient and thus judgement on which factors are driving their toxic
effects is difficult. In this study, we used synchrotron radiation-based XANES and resulting K-edge Zn
and Cu spectra to assess the speciation of 30 and 80 nm ZnO nanoparticles and 15 nm CuO
nanoparticles in human T-lymphocyte cells and in their exposure medium over a 24 h time frame
which is standard for in vitro toxicological assays. The results indicated prompt transformation of the
nanoparticles in the test medium. Furthermore, speciation profiles of ZnO and CuO inside the cells

overlapped with soluble Zn and Cu, respectively, suggesting that cellular transformation and
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sequestration of nanoparticles and their ionic counterparts were similar. This finding is significant for

interpretation of past and future toxicological results of ZnO and CuO nanoparticles.
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Materials and Methods

Nanoparticles

Zinc oxide nanoparticles, 31.8+8.9 nm in diameter (surface area 27.4 m?/g, { potential 14.2 mV,
further referred to as Zn0-30) and 89.7+24.0 nm in diameter (surface area 4.6 m?/g, { potential 20.0
mV further referred to as Zn0-80) were synthesized as in Yin et al. (2010). CuO nanoparticles,
crystalline and 15-20 nm in diameter, were from Plasma Chem, GmbH, Berlin, Germany. Detailed
characterization of these nanoparticles was published earlier (Gosens et al., 2015). TEM images of
the particles (Figure 1) were taken using a transmission electron microscope (TEM, JEOL JEM2100F)
at 200 kV. For that, 10 uL of nanoparticle suspension (50 ug/mL) was pipetted onto 300 mesh Cu
grids covered by carbon film (ProSciTech). Particles were allowed to settle on the grids for 5 min and
excess liquid was removed with a paper towel; the grids were then dried overnight before imaging.
Primary diameter of the particles (average for 20-30 particles) was measured using Gatan software.
Hydrodynamic diameter (Dh) of the nanoparticles dispersions (=10 pg/mL, vortexed in water or cell
culture medium and sonicated in a water bath (Branson) for 2-3 min) in water and in cell culture
medium (RPMI medium with 10% FBS and other supplements as described below) was measured
using dynamic light scattering (DLS) with a PSS Nicomp 380 particle sizer using number-based size

distribution.

Cytotoxicity assay

Human T-lymphocyte cell line Jurkat (Clone E6-1, ATCC® TIB-152™) was chosen because of its
relevance in nanoparticle toxicity and non-adherent nature which facilitated harvesting and
preparation of the cells for synchrotron analysis. The cells were maintained in RPMI 1640 medium
containing 4.5 g glucose/L, 1mM Na-pyruvate, 2 mM L-glutamine, 100 U/mL penicillin, 100 pg/mL
streptomycin and 10% FBS. For routine culturing, the cell density was maintained between 2*10°
and 2*10° cells/mL. For cytotoxicity experiments 5*10° cells were used. A volume of 100 uL of cell
suspension was pipetted onto 96-well plates and 100 uL of ZnO and CuO nanoparticle suspensions or
solution of ZnSO, (Labserv) and CuSO, (Merck) ranging from 0.3 to 300 pg/mL in cell culture medium
was added; after that, the plates were incubated at 37 °C and 5% CO, for 24 h. Each concentration of
nanoparticles was analyzed in three replicates and the resazurin assay that was used to evaluate cell
viability was repeated on three different days. For the assay, resazurin at 30 ug/mL was added to
each well and plates were incubated for 4 h at 37 °C, 5% CO, Resazurin reduction due to cell
metabolic activity was measured with a fluorescence plate reader (Synergy, Biotek) using
excitation/emission filters 530/590 nm. For background control, resazurin was added also to wells

with cell culture medium (no cells). These background values were subtracted from cell readings
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before calculations. The cytotoxicity assay was performed in at least three independent
experiments. Percentages of viable cells in Cu and Zn treatments compared to non-exposed cells
were calculated; half (50%) effective concentration (ECso), 20% (ECyo), 10% (ECy) and 5% (ECs)
effective concentrations with 95% confidence intervals and standard error (SE) in pg Cu or Zn/mL
were calculated using Prism software (GraphPad). Statistical differences between ECsg, ECyo, ECyo and
ECs of CuO and CuSO, and of ZnO particles and ZnSO, were analyzed using one-way ANOVA in MS

Excel.

Collection and analysis of XANES spectra

For Zn and Cu speciation analysis by XANES, the cells were exposed to CuO and ZnO nanoparticles,
and CuSO, and ZnS0, as controls for dissolved Zn** and Cu**. For synchrotron experiments, non-toxic
concentrations that affected only 5% cells in 24 h cytotoxicity assay, were selected. A volume of 70
mL of medium containing 5*10° Jurkat cells was exposed for 24 h at 37 °C and 5% CO, to 2 ug Cu/mL
of CuO and CuSO, and 3 pg Zn/mL of Zn0O-30, Zn0O-80 nanoparticles and ZnSO,. Exposed cells were
centrifuged at 200 g for 5 min and washed two times with PBS buffer. The cell pellet (=100 mg from
each exposure condition) was then concentrated in a microcentrifuge tube and dried overnight in a
freeze-dryer (Modulyod, Thermo Electron Corp.). Non-exposed cells were prepared for comparison.
To analyse the speciation of Zn and Cu in cell culture medium, 100 mL of cell culture medium was
spiked with 2 pg Cu/mL of CuO nanoparticles and CuSO, and 3 pg Zn/mL of Zn0O-30, ZnO-80
nanoparticles and ZnSO,, and incubated for 24 h at 37 °C and 5% CO,. After incubation, the cell
culture medium was freeze-dried; non-spiked cell culture medium was used as a control. Between 2
and 5 mg of dried cells or cell culture medium were mounted using polymide (Kapton) tape onto a
sample holder for XANES analysis, which was conducted at Sector 10-BM, Advanced Photon Source,
Argonne, USA (Kropf et al., 2010). The storage ring operated at 7 GeV in top-up mode. A liquid
N,cooled double crystal Si(111) monochromator was used to select the incident photo energies and
a platinum-coated mirror was used for harmonic rejection. Calibration was performed by assigning
the first derivative inflection point of the K-edge of Cu (8979 eV) or Zn (9659 eV) metal foils with
simultaneous collection of the reference for each scan for calibration of sample spectra. XANES
spectra were collected in triplicate in transmission and fluorescence using a 4-element Vortex

fluorescence detector.

Collected Zn and Cu K-edge XANES spectra were analyzed using XAS data and analysis software
Athena (Ravel and Newville, 2005). Data analysis involved energy calibration, background
subtraction and normalization. Spectra of each sample were subjected to principal component

analysis that revealed that four components were explaining >99% of the variability in the samples.
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Thus, linear combination fitting (LCF) of each sample (from-20 eV below to +80eV above the edge)
was done using XANES spectra of standard Zn or Cu compounds and up to four combinations. For Zn
samples, ZnO nanoparticles, Zn-cysteine complex, Zn-phosphate complex, Zn-citric acid and Zn-
acetic acid complex were used as standard spectra. For Cu samples, CuO nanoparticles, Cu-histidine
complex, Cu-cysteine complex, Cu-citric acid complex or Cu(OH), were used as standard spectra. The
combination of standards that resulted in the best fit was chosen as the most likely representation

of the sample.

Results and Discussion

In this study, we analyzed the cytotoxicity and speciation of Cu and Zn in media and cells exposed to
soluble Cu and Zn salts, =15 nm CuO nanoparticles and =30 (ZnO-30) and 80 nm (Zn0O-80) ZnO
nanoparticles. In water and cell culture medium, the particles aggregated but remained relatively
monodisperse (Figure 1). The hydrodynamic diameter of CuO nanoparticles and ZnO-30 in water and
cell culture medium remained less than 100 nm. For Zn0-80, the hydrodynamic diameter was =125

nm in water and =195 nm in cell culture medium.

Results from cytotoxicity assessment of CuO and ZnO nanoparticles to human lymphocyte cells are
shown on Figure 2. Overall, the ECs, concentrations for CuO and ZnO particles were in agreement
with previous literature reporting ECs, values for ZnO and CuO nanoparticles between =5 and =100

ug Zn or Cu/mL (Bondarenko et al., 2013).

A large number of studies have suggested that the cytotoxicity of ZnO and CuO nanoparticles is
driven by their dissolution and subsequent release of dissolved Zn and Cu (review by lvask et al.
(2014)). Therefore, we compared the cytotoxicities of ZnO and CuO with those of soluble forms of Zn
and Cu (ZnSO, and CuSO,, respectively; Figure 2). The results revealed that the ECs, values of the
metal oxides and soluble forms of those metals were very similar when concentrations were
expressed to represent the amount of metal ion in each treatment (Figure 2). This suggests that
indeed, soluble Zn and Cu may drive the toxicity of all the Zn and Cu formulations. There were just
small differences in cellular toxicities of oxide and soluble forms of Zn and Cu: CuO showed lower EC
values than CuSQ,, while ZnSO, exhibited slightly higher toxicity than ZnO nanoparticles; and ZnO-80
was slightly less toxic than Zn0O-30. None of the EC values of oxide and soluble forms of Cu and Zn
were significantly different from each other, except for the CuO nanoparticles and CuSO, at the EC;
and EC,o concentrations (Figure 2). Higher toxicity of CuO particles compared to soluble Cu which has

also been shown in earlier studies (Karlsson et al., 2008; Shi et al., 2011; lvask et al., 2015) can be
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attributed to a “Trojan horse” effect which may facilitate the entry of Cu into the cells in

nanoparticulate form (Cronholm et al., 2013).

Although our results of similar toxicities of ZnO and ZnSQO,, and CuO and CuSO, support the
hypothesis of dissolution-driven cytotoxicity of ZnO and CuO, more evidence is required to
strengthen this suggestion. In this study, we used synchrotron radiation-based XANES, a technique
that enables sensitive assessment and relative quantification of nanoparticles speciation (Wang et
al., 2013), to assess the transformation of ZnO and CuO particles in cells. To our knowledge, only one
study on intracellular transformation of ZnO nanoparticles using synchrotron-based p-XANES
method has been published so far (Gilbert et al., 2012) and no such studies have been conducted on
CuO nanoparticles. In addition to assessing particles speciation in cells, we also analysed the
speciation of soluble Cu and Zn species in cells as well as Zn and Cu species present in non-exposed
cells. Speciation of Cu and Zn in non-spiked cell culture medium, in CuO, ZnO, soluble Cu and Zn-
spiked medium was also determined. Zinc and copper species in the samples were analyzed using
linear combination fitting with selected Zn and Cu standard compounds which resulted in excellent
fits for our samples (Figures 3 and 4 A-C). Analysis of Zn speciation in 24 h ZnO-30 and Zn0-80
exposed T-lymphocyte cells (Figure 3 D) showed that Zn-cysteine like complexes (30-60% of the total
Zn) and Zn-phosphate (31-50%) were the prevailing Zn species with a relatively low fraction of ZnO
(=10% of total Zn in all the samples) and Zn acetate (3.5-13%) present. At this stage, we are unable
to state in which cellular compartments the different Zn species were localized and whether Zn-
cysteine and Zn-phosphate were present intracellularly as fine or nanoparticles. Further studies
utilizing high resolution imaging capabilities (e.g., TEM) may provide answers to those questions. The
high level of Zn-cysteine in ZnO-exposed cells is not surprising as cysteine is an amino acid with
highest affinity to Zn (ll) ions (Trzaskowski et al., 2008). Zinc speciation in ZnO-exposed cells was
similar to that in non-exposed cells and in cells that were exposed to soluble Zn (ZnSQ,). It is
interesting to note that in non-exposed cells and in those exposed to ZnSQ,, a small fraction of ZnO
also showed up. We suggest that this was because of the presence of currently unknown Zn species
with XANES spectral features overlapping with the XANES spectrum of ZnO. The result showing high
degree in similarity in ZnO, soluble Zn and non-exposed cells Fhis+esutt-indicates that ZnO particles
undergo fast conversion in cell culture medium followed by cell-mediated transformations that are
similar to those occurring with soluble Zn (including Zn that is already present in cell culture
medium). The notion that ZnO is completely transformed during the testing period is supported by
our data on ZnO speciation in cell culture medium (Figure 3 D). In accordance with the above results
in the presence of cells, a similar Zn speciation was observed in cell culture medium in the absence

of cells irrespective of whether the medium had only a basal concentration of Zn or was spiked with

8

URL: http://mc.manuscriptcentral.com/tnan



©CoO~NOUTA,WNPE

Nanotoxicology

a Zn formulation (to the ECs level) or which Zn formulation was used for spiking (Zn0O-30, ZnO-80 or
ZnS0,). However, in contrast to the medium containing cells where Zn-cysteine was the prevailing
species, in the absence of cells, most of the Zn in cell culture medium was in the form of Zn-
phosphate and Zn-citrate. An intriguing finding is the presence of ZnO in cells and cell culture
medium that had not been exposed to ZnO (Figure 3). We suggest that this was due to overlapping
spectra of Zn standards and resulting misattribution during the fitting, or due to the formation of

ZnO from Zn in non-spiked or ZnSO,-spiked cell culture medium and cell suspension.

Analogously to ZnO, the Cu speciation results for cells and cell culture medium suggested total
transformation of CuO particles (Figure 4). As seen from Figure 4 D, the XANES spectra of cells
incubated with CuO and with soluble Cu were very similar and the same applied to cell culture
medium that was spiked with CuO or soluble Cu (in the absence of cells). As for Cu, the prevailing
species in CuO and soluble Cu exposed cells was Cu-cysteine (55-58%). Also, a small fraction of Cu-
histidine (11-20%), Cu-citrate (4-11%) and CuO (15-22%) was identified. Again surprisingly, CuO was
identified also in cells to which no nanoparticles were added (CuSO,-exposed cells) and the fraction
of CuO was even higher in CuSO,4-exposed cells than in CuO-exposed ones. This may suggest either
the formation of CuO in Cu**-cell mixture or interferences between XANES spectra of the different
Cu species. In CuO and soluble Cu-spiked cell culture medium, we identified similar amounts of Cu-
cysteine, Cu-histidine, Cu-citrate and CuO. Unfortunately, the Cu concentration in non-exposed cells
and cell culture medium was too low to be detected with XANES (according to the manufacturer,
0.05-0.1 pg/mL Cu is present in cell culture medium whereas the detection limit for XANES is
approximately 0.1 pug/mL in pure systems without interference from other fluorescing elements, i.e.

Fe or Mn) and Cu speciation could not be calculated.

Conclusions

This study showed complete transformation of nanoparticulate CuO and ZnO at 2 pg/mL and 3
ug/mL, respectively, in conditions traditionally used for in vitro toxicological testing (24 h exposure in
10% FBS-containing cell culture medium at 37 °C and 5% CO,). The transformation profiles of ZnO
nanoparticles with different particle sizes (30 and 80 nm) and CuO nanoparticles were similar to
those of ZnSO, and CuSO,, respectively indicating that the metal oxide nanoparticles are completely
transformed to the same species as their soluble counterparts. Therefore, the results of this study
underline the importance of dissolution and subsequent transformation of nanosize ZnO and CuO

during toxicological testing and demonstrate that the effect of nanoparticulates in the final
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toxicological outcomes is negligible. As a result, we strongly suggest to account for dissolution and

transformation when interpreting the toxicological results of ZnO and CuO nanoparticles.
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Figure captions

Figure 1. TEM images and hydrodynamic size of ZnO and CuO nanoparticles. (A-C) TEM images;
primary particle size with standard deviation (based on 20-30 particles) is shown. (A) ZnO-30, (B)
Zn0-80, (C) CuO. (D-E) hydrodynamic size (Dh) distribution of particles in water and in cell culture
medium that was used in the cellular assays; average and standard deviation of Dh is shown on each

graph. (D) Zn0-30, (E) Zn0O-80, (F) CuO.

Figure 2. Cytotoxicity of different Zn and Cu formulations. Toxicity of ZnO-30, Zn0-80, ZnSO,, CuO
and CuSO, to T-lymphocyte cells in resazurin reduction assay after 24 h incubation. Black arrows
indicate concentrations (Zn0O-30, Zn0-80, ZnSO, at 3 pg Zn/mL, and CuO and CuSO, at 2 ug Cu/mL)
that were selected for synchrotron experiments shown in Figures 3 and 4. Average half (50%)
effective, 20, 10 and 5% effective concentrations (ECso ECy, EC1o and ECs) with standard errors (SE)

are shown under the graphs. * indicates significant (p<0.05) differences between CuO and CuSO,.

Figure 3. Transformation of ZnO nanoparticles in T-lymphocyte cells and cell culture medium over
24 h. Speciation of ZnO nanoparticles and ZnSO, (added at 3 pg Zn/mL) in cell culture medium (A)
and in cells (B). In (A-B) measured energy spectra (open symbols) and linear combination fit (red
line) for standards (ZnO, Zn-citrate, Zn-acetate, Zn-cysteine, Zn-phosphate) is shown. (C) XANES
spectra of Zn standards. (D) Linear combination fit-derived Zn speciation in Zn0-30, Zn0O-80 and

ZnS0O,-exposed cells and cell culture medium.

Figure 4. Transformation of CuO nanoparticles in T-lymphocyte cells and cell culture medium
during 24 h. Speciation of CuO nanoparticles and CuSO, (added at 2 pg Cu/mL) in cell culture
medium (A) and cells (B). In (A-B) measured energy spectra (open symbols) and linear combination
fit (red line) for standards (CuO, Cu-citrate, Cu-histidine and Cu-cysteine) is shown. (C) XANES spectra
of Cu standards. (D) Linear combination fitting-derived Cu speciation in CuO and CuSO,-exposed cells

and cell culture medium. <LOD - concentration below limit of detection.
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