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Mechanisms and effects of zinc oxide nanoparticle
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transformations on toxicity to zebrafish embryos+
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The effect of transformations on the toxicity of zinc oxide nanoparticles (ZnO NPs) and the underlying
mechanisms are unclear, limiting our understanding of the realistic impacts of ZnO NPs in the
environment. Three kinds of ZnO NP transformations were induced through interaction with sulfur
(sulfidation) and phosphate (phosphation) and association with hydrous ferric oxide (Zn-FeOOH). Pristine
and transformed ZnO NPs were characterized using X-ray diffraction and transmission electron
microscopy. Changes in toxicity as a result of transformation were evaluated using an embryonic zebrafish
assay. Toxicity was reduced in descending order by phosphation, sulfidation, and Zn-FeOOH with
increasing molar ratios of S/Zn, PO4/Zn, and Fe/Zn, respectively. Reduced toxicity correlated well with the
zinc concentration and addition of ethylenediaminetetraacetic acid completely eliminated the toxicity,
indicating that the remaining zinc ions in bulk solution were responsible for the toxicity of transformed
ZnO NPs. The maximum toxicity reduction was observed after phosphation, attributable to the inhibition of
zinc release by phosphates rapidly enclosing ZnO NPs. Zn-FeOOH does not effectively reduce the zinc
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concentration because no significant morphological changes occur during the transformation. We
demonstrated that transformations modified the physicochemical properties of ZnO NPs, modulating their
ability to reduce zinc ions, and governing toxicity to zebrafish embryos.
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Environmental significance

Zinc oxide nanoparticles (ZnO NPs) undergo transformations in wastewater treatment plants and water environments, resulting in changes in
physicochemical properties. Thus, to accurately evaluate the ecological toxicity of ZnO NPs, the effects of transformations and underlying mechanisms of
toxicity must be considered. The relative toxicity changes of three types of ZnO NP transformations are compared using zebrafish embryos. A reduction in
toxicity occurs in a descending order of phosphate-, sulfide-, and FeOOH-transformed ZnO NPs. Toxicity reduction correlates well with zinc concentration,
indicating that altered physicochemical properties as a result of transformation determine the ability to reduce zinc ions and that the remaining zinc ions
are responsible for the degree of toxicity reduction caused by the transformation.

Introduction

antibacterial and anticancer properties of ZnO NPs have
expanded their applications into the biomedical field.*®

Zinc oxide nanoparticles (ZnO NPs) are used in a wide range
of industrial and personal care products;'™ the unique
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t Electronic supplementary information (ESI) available: Neoformation level of
sulfidation and phosphation (Table S1), percentage of malformation in zebrafish
embryos exposed to three type of transformed zinc oxide nanoparticles (ZnO
NPs) (Table S2), physicochemical properties and embryonic toxicity of pristine
ZnO NPs, and zinc concentration in the bulk solution (Fig. S1), EDX results of
transformed ZnO NPs at various molar ratios (Fig. S2), images for malformed
zebrafish embryos exposed to transformed ZnO NPs (Fig. S3), embryonic toxicity
of solutions in which each sulfur, phosphate, and hydrous ferric oxide were
added to zinc chloride (ZnCl,) (Fig. S4), correlation between internal
concentration of zinc and toxicity (Fig. S5). See DOI: 10.1039/d1en00305d
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Accordingly, concerns have been raised over the increasing
production and subsequent release of ZnO NPs into aquatic
environments, which poses a toxicity risk for aquatic
organisms.® Indeed, among engineered nanomaterials
(ENMs), ZnO NPs have high potential to cause aquatic
toxicity due to the toxic zinc ions embedded within them.”™®
Previous studies have demonstrated that environmental
transformations can modify the physicochemical properties
of ZnO NPs; thus, when evaluating ecological toxicity,
transformations should be considered in addition to pristine
ZnO NPs to gain an environmentally-relevant understanding
of their effects.’®"> However, compared to characterization
of altered physicochemical properties, few studies have
reported changes in toxicity due to transformations.

ZnO NPs readily undergo transformations mediated by
ions and biosolids present in wastewater treatment plants

This journal is © The Royal Society of Chemistry 2021
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(WWTPs)."*** Typically, ZnO NPs are often environmentally
transformed through interactions with sulfide ions
(sulfidation) and phosphate ions (phosphation), or
association with hydrous ferric oxide (Zn-FeOOH)."*™*®
studies describe changes in physicochemical
properties, resulting from transformations and the influence
of these alterations on toxicity. Sulfidation of ZnO reduces
toxicity by inducing the exchange of oxygen with sulfur; the
ZnS formed has low solubility, inhibiting the release of zinc
ions.'® In comparison with pristine ZnO NPs, several studies
have demonstrated that sulfidation of ZnO NPs reduces
toxicity to nematodes, earthworms, and epibenthic
amphipods.’®' The observed reduction in toxicity with
sulfidation appears to be independent of the ZnO NP
morphology. Recently, sulfidation of urchin-like ZnO NPs
reduced toxicity to Escherichia coli.”* Conversely, phosphation
is known to increase cytotoxicity®® and toxicity to the benthic
invertebrate, Hyalella azteca.”® However, the effect of
phosphation on the toxicity of ZnO to higher aquatic
organisms such as fish has not been reported. The

Previous

phosphation process involves the transformation or
degradation of ZnO by phosphate ions to form zinc
phosphate (Zns(PO,),) crystallites."”*® Additionally, the

association of ZnO NPs with FeOOH induces the formation
of inner-sphere surface complexes of Zn-O-Fe,** resulting in
zinc-sorbed or -substituted FeOOH."*™> To our knowledge,
the effect of Zn-FeOOH on toxicity has not been investigated.

Many toxicological studies have utilized zebrafish embryos
to investigate the toxicity of ENMs.**®” A resource-efficient
toxicity assessment using zebrafish is feasible due to their
small embryo size and high fecundity, and only a small
volume of test solution is needed. In addition, the chorion
can be removed, and zebrafish embryos can develop for 5-6
days without noticeable malformations in solutions with low
ionic strength, including Milli-Q water. These characteristics
of zebrafish embryonic assays are specified for
nanotoxicology; when assessing the toxicity of ENMs, such
advantages prevent secondary agglomeration during testing.
Applying these distinctive traits to assess the toxicity of silver
nanoparticles (AgNPs), a previous study demonstrated that
polyvinylpyrrolidone-coated or smaller-sized AgNPs are more
toxic than citrate-coated or larger-sized AgNPs in a controlled
ionic environment.>® Therefore, we conjecture that
implementing these experimental conditions to perform a
comparative analysis of transformed ZnO NP toxicity will be
effective, producing more reliable and accurate toxicological
data by reflecting the intact physicochemical properties
modified by the transformations.

We induced three types of ZnO NP transformation (i.e.,
sulfidation, phosphation, and Zn-FeOOH) as a function of
different molar ratios of S/Zn, PO,/Zn, and Fe/Zn,
respectively. We characterized the changes in the structural
properties, morphologies, and hydrodynamic diameters with
zeta potentials of each transformed ZnO NP in comparison to
pristine ZnO NPs. A zebrafish embryonic toxicity assay was
then conducted; the introduction of a test model system is
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useful for comparative analysis of the relative extent of
toxicity change induced by the transformation of ZnO NPs. In
addition, we quantified the zinc concentrations in each bulk
solution of transformed ZnO NPs to elucidate the mechanism
underlying the toxicity changes. Toxicity testing was repeated
after  zinc  ions  were eliminated by  adding
ethylenediaminetetraacetic acid (EDTA), a chelating agent.

Experimental

Chemicals

ZnO nanopowder dispersed in water (CAS: 1314-13-2, >99.5%
purity) was purchased from US Research Nanomaterials, Inc.
(Houston, TX, USA). According to the information provided
by the manufacturer, the ZnO NPs are spherical in shape and
30-40 nm in size. Sodium sulfide pentahydrate (Na,S-5H,0,
CAS: 1313-83-3, >98.0% purity) was purchased from Daejung
Chemicals & Metals (Shiheung, South Korea). Sodium
phosphate monobasic (H,NaPO,, CAS: 7558-80-7, =99.0%
purity) and ethylenediaminetetraacetic acid disodium salt
dihydrate (Na,H,EDTA-2H,0, CAS: 6381-92-6, 99.0-101.0%
purity) were purchased from Sigma-Aldrich (St Louis, USA).
Sodium hydroxide (NaOH, CAS: 1310-73-2, >=99.0% purity)
and iron(m) chloride (FeCl;, CAS: 7705-08-0, =97.0% purity)
were purchased from Duksan Pure Chemical (Ansan, South
Korea).

Transformation of ZnO NPs

Sulfide, phosphate, and hydrous ferric oxide dissolved in
Milli-Q water were added to 50 mg L™ ZnO NPs to induce
transformation. Desired S/Zn and PO,/Zn molar ratios of
0.484, 0.968, and 1.936 were used for sulfidation and
phosphation. The molar ratios used for sulfidation'® were
adjusted for phosphation. The molar ratio of PO,/Zn instead
of P/Zn was used to better express the relative toxicity
changes. Hydrous ferric oxide was prepared by adding NaOH
to FeCl, solution.?® The molar ratio of Fe/Na was adjusted to
one. The FeCl; solution color changed from yellow to orange
after adding NaOH. Zn-FeOOH was prepared with Fe/Zn
molar ratios of 0.484, 0.968, 1.936, 4.84, 9.68, and 19.36. The
pH values of all the samples were adjusted to 6.5-7.5 using
HCI and NaOH. After preparation, the transformed ZnO NPs
were incubated at room temperature for 12 h, before
characterization and toxicity testing.

Characterization of pristine and transformed ZnO NPs

The structural composition of the pristine and transformed
ZnO NPs was characterized using X-ray diffraction (XRD)
(Bruker ~DE/D8  Advance, Bruker, Germany). The
concentration was optimized to 2000 mg L™ for XRD analysis
in the preliminary experiments. After the solution was
centrifuged at 15000 rpm for 30 min, the dried samples were
prepared by freezing at —90 °C using a freeze dryer. The XRD
peaks were collected with continuous scanning in the 20
range of 10-80°. The peaks generated by sulfidation,
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phosphation, and Zn-FeOOH were compared with those of
the pristine ZnO NPs and molecules composed of zinc with
sulfur, phosphate, and FeOOH: ZnS, Zn;(PO,),, and
ZnFeOOH. The hydrodynamic diameters and zeta potentials
of the transformed ZnO NPs were measured using a particle
size analyzer (ELS-Z, Otsuka Electronics, Japan). The values
were averaged from the three measurements for each sample.
The morphology of the pristine ZnO NPs and transformed
ZnO NPs was measured using a transmission electron
microscope (TEM) (JEM-2010, JEOL, Japan). Changes in the
structural and elemental composition of the transformed
ZnO NPs were measured using a scanning transmission
electron microscope (STEM) (NEO ARM, JEOL, Japan) with
surface area electron diffraction (SAED) and energy dispersive
X-ray spectroscopy (EDX), respectively. The obtained images
and data were then compared with the results of the pristine
ZnO NPs. Characterization of the pristine ZnO NPs was
conducted at a concentration of 50 mg L™ diluted with Milli-
Q water.

Zebrafish culture and embryonic toxicity testing

Wild-type (5D strain) adult zebrafish (Danio rerio) cultures
have been maintained at 28 °C + 2 °C and 14/10 h light/
dark cycle conditions in a flow-through system (Zebtec,
Tecniplast, Italy) since 2014. Healthy mature zebrafish were
paired in spawning tanks the day before experiments.
Healthy embryos at the same developmental stage were
sorted using an optical microscope (Nikon, Japan). The
collected embryos were maintained at 28 °C in an incubator
in embryo rearing E2 media. To prepare the embryos for
toxicity testing, the chorion was removed at 4 h post-
fertilization (hpf) using 200 pug ml™ pronase (Sigma-Aldrich,
St. Louis, USA) in E2 media, following the methods
previously conducted in our laboratory.®® In a 96-well plate,
individual dechorionated embryos were transferred into
wells containing 100 upL of test solution. Twenty-four
dechorionated embryos per each concentration were
exposed from 6 to 120 hpf. Milli-Q water, which was used
to prepare the transformed ZnO NPs, served as a negative
control in each replicate. Toxicity testing was performed in
triplicate. The plates were covered with aluminum foil to
avoid photodegradation and incubated at 28 °C without
renewal of the test solutions. The incidence of embryonic
mortality was recorded at 120 hpf. The toxicity patterns of
the transformed ZnO NPs were compared with those in the
ZnCl, solution to which we added sulfur, phosphate, and
hydrous ferric oxide molar ratios corresponding to those
used for ZnO NP transformations. The concentration of
ZnCl, was fixed at 84 mg L', which corresponds to the zinc
molar concentration in 50 mg L' ZnO NPs. All animal
procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Seoul
National University of Science and Technology and approved
by the Animal Ethics Committee of Seoul National
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University of Science and Technology (approval#: 2019-
0002).

The effect of zinc ions on toxicity changes

To investigate the effect of zinc ions on toxicity changes, we
measured the zinc concentration in bulk solutions of 50 mg
L™' pristine and transformed ZnO NPs using inductively
coupled plasma atomic emission spectroscopy (ICP-OES)
(5110 SVDV, Agilent, Singapore). The prepared solution was
incubated at room temperature for 12 h (the same duration
as that for toxicity testing) and then centrifuged at 10000 g
for 30 min prior to analysis. The zinc concentration in the
pristine ZnO NP bulk solution was measured seven times
over 120 h. The reported concentrations are the average of
three measurements for each sample. In addition, we
examined the effect of zinc ions on toxicity using biological
toxicity testing. We added EDTA to the bulk solutions of
pristine and transformed ZnO NPs to eliminate the zinc ions.
The chelating agent was added just after each transformed
ZnO NP solution was prepared and the EDTA/Zn molar ratio
was adjusted to one. Finally, an additional embryonic toxicity
test was conducted under the same conditions (24
dechorionated embryos, 6-120 hpf exposure duration, three
replicates).

Statistics

Embryonic mortality and zinc concentrations were presented
as mean + standard deviation using SigmaPlot 13 (Systat
Software Inc., San Jose, CA). The toxicological values for
lethal concentrations were calculated with 95% confidence
interval (CI) using IBM SPSS Statistics 25. Using a one-way
analysis of variance (ANOVA) followed by Tukey's post-hoc for
multiple comparisons, significant differences in embryonic
mortality were defined as p-values < 0.05.

Results and discussion
Characterization of pristine and transformed ZnO NPs

First, we verified the physicochemical properties of the
pristine ZnO NPs. TEM analysis confirmed that the ZnO
NPs were spherical with an average particle size of 30-40
nm (Fig. S1Af). The pristine ZnO NPs involved the zinc
and oxygen and had the crystalline structure in EDX and
SAED analysis, respectively (Fig. S1t). XRD analysis revealed
sharp peaks at approximately 30° and between 50° and 80°,
indicating that the ZnO NPs are in the form of crystalline
zincite (Fig. S1D,f Fig. 1). The hydrodynamic diameter and
zeta potential were 0.98 + 0.18 um and -33.20 + 3.56 mV,
respectively (Table 1).

The surface chemical compositions of the three
transformed ZnO NPs were characterized using EDX, SAED,
and XRD with increasing molar ratios of S/Zn, PO,/Zn, and
Fe/Zn; the morphologies were imaged using TEM (Fig. 2).
The neoformation level of sulfidation and phosphation was
obtained using the XRD peak intensities (Table S17). Overall,

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 X-ray diffraction (XRD) analysis of the surface chemical composition of the three kinds of transformed zinc oxide nanoparticles (ZnO NPs).
XRD spectra of sulfidation, phosphation, and Zn-FeOOH. XRD peaks of the pristine ZnO NPs are shown in the first line and XRD peaks of the zinc
ionic molecules (ZnS, Znz(POy4),, and ZnFeOOH) are shown in the last line, respectively.

the analyzed features illustrate the characteristics of the
transformed ZnO NPs, which depends on the ions and
biosolids that interact with the pristine ZnO NPs. In EDX
analysis (Fig. S21), each transformed ZnO NP basically
involved the zinc and oxygen observed in the pristine ZnO
NPs and had the respective elements (sulfur for sulfidation,
phosphorus for phosphation, and iron for Zn-FeOOH). The
peak intensities for these elements increased with increasing
molar ratios. In SAED analysis (Fig. 3), we found that the
crystalline structure was maintained in sulfidation and Zn-
FeOOH whereas the white spots in the circle disappeared in
phosphation, indicating the formation of an amorphous
structure by phosphation. In particular, diffraction rings in
the circle were observed instead of white spots in sulfidation,
suggesting that a polycrystalline structure was formed after
sulfidation.®® In addition, we quantitatively analyzed the
neoformation level by dividing the XRD peak intensity at 29°
by that at 36° (P,o/P36) for sulfidation, and by dividing the
XRD peak intensity at 31° by that at 36° (P;y/Ps) for

Table 1 Hydrodynamic diameters and zeta potentials of pristine zinc
oxide nanoparticles (ZnO NPs) and the three kinds of transformed ZnO
NPs

Molar Hydrodynamic Zeta potential
Type of ZnO NPs ratios diameter (um) (mv)
Pristine ZnO NPs — 0.98 + 0.18 —-33.20 £ 3.56
Sulfidation (S/Zn) 0.484 9.55 + 2.07 -2.03 + 4.06
0.968 6.50 + 2.05 -14.18 + 0.72
1.936 5.17 £ 0.56 -41.55 + 0.61
Phosphation (PO,/Zn) 0.484 2.65 +0.22 -34.00 + 1.84
0.968 1.11 +£0.17 =35.76 + 2.39
1.936 5.08 £ 0.64 -34.71 + 0.61
Zn-FeOOH (Fe/Zn) 0.484  14.79 + 1.87 -14.48 + 6.68
0.968 10.89 + 0.990 4.09 + 3.96
1.936 15.97 + 1.400 9.84 + 3.18

This journal is © The Royal Society of Chemistry 2021

phosphation. As a result, the neoformation observed in
sulfidation and phosphation increased with increasing molar
ratios of S/Zn and PO,/Zn, and no neoformation was
observed in Zn-FeOOH (Table S17).

The XRD peak pattern observed after sulfidation was
consistent with previous studies.’®****> New XRD peaks were
generated at around 30°, which were not observed in the
pristine ZnO NPs, suggesting the formation of ZnS. The
newly-generated representative peaks became apparent with
increasing S/Zn molar ratios and the intensity of the peaks of
the pristine ZnO NPs continuously decreased, indicating that
sulfidation progressed with increasing concentrations of
1632 Direct comparison of the XRD results for
phosphation was difficult because the PO,/Zn molar ratios
were varied across previous studies; however, the XRD peaks
observed after phosphation were comparable to those in a
previous study.'” The intensity of the peaks of the pristine
ZnO NPs was reduced with increasing PO,/Zn molar ratios,
and new XRD peaks were generated with a PO,/Zn molar ratio
of 1.936. Newly-generated XRD peaks between 10° and 40°
indicate the formation of crystalline Zn;(PO,), (i.e., hopeite).
These peaks became apparent at PO,/Zn molar ratios higher
than 0.484. A previous study reported the coexistence of both
amorphous and crystalline forms as a result of phosphation
between pH 6 and 8.°*** Amorphous forms that could not be
discerned by XRD signals were detected at low PO,/Zn ratios
in TEM analysis, which was confirmed by disappearance of
white spots in SAED patterns.

In contrast to sulfidation and phosphation, Zn-FeOOH
did not generate new XRD peaks. Instead, the peaks of the
pristine ZnO NPs decreased or disappeared with increasing
Fe/Zn molar ratios. However, unlike phosphation, this result
does not imply the formation of amorphous particles; no
morphological changes were observed in the TEM images

sulfur ions.

Environ. Sci.. Nano, 2021, 8,1690-1700 | 1693
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Fig. 2 TEM images of sulfidation, phosphation, and Zn-FeOOH: (A) S/Zn = 0.484; (B) S/Zn = 0.968; (C) S/Zn = 1.936; (D) PO4/Zn = 0.484; (E) PO,/
Zn = 0.968; (F) PO4/Zn = 1.936; (G) Fe/Zn = 0.484; (H) Fe/Zn = 0.968; (I) Fe/Zn = 1.936.

and SAED analysis confirmed that the crystalline structure
was maintained in Fe-ZnOOH at all Fe/Zn ratios.

In addition, the analytical hydrodynamic diameter and
zeta-potential results illustrate individually-differentiated
characteristics of each transformed ZnO NP (Table 1).
Compared to the pristine ZnO NPs, the hydrodynamic
diameters dramatically increased with sulfidation after
adding low concentrations of sulfide ions, then decreased
as the S/Zn molar ratios increased. Simultaneously, the
zeta-potentials were significantly lower at low S/Zn molar
ratios than those measured in the pristine ZnO NPs and
became much greater as the molar ratio increased. This
opposing trend between the hydrodynamic diameter and
zeta-potential is generally acceptable; sulfur replacement on
the surface increases the zeta-potential, which in turn
stabilizes  the  particles, alleviating agglomeration.
Interestingly, no abrupt change in the zeta-potential was
observed with phosphation at any PO,/Zn molar ratio
compared to the pristine ZnO NPs, and the hydrodynamic
diameters increased only at the highest molar ratio. Thus,
phosphate ions do not appear to affect zeta-potential.
Among the three transformed ZnO NPs, the hydrodynamic
diameters were greatest in Zn-FeOOH and an unordered

1694 | Environ. Sci.. Nano, 2021, 8, 1690-1700

zeta-potential pattern was observed with varying Fe/Zn
molar ratios.

Embryonic toxicity of the transformed ZnO NPs

We first evaluated the embryonic toxicity of the pristine ZnO
NPs in order to investigate the effect of transformations on
toxicity changes. Mortality increased in a concentration-
dependent manner (Fig. S1Et). Exposure to the pristine ZnO
NPs also caused malformations such as yolk sac edema,
pericardial edema, spinal kyphosis, and tail malformation
(Fig. S1Ff); however, malformation incidence was not
concentration dependent, and no specific malformation was
observed consistently. At 50 mg L', 100% mortality was
observed and LCs, was calculated as 13.8 mg L™ (11.6-16.2
mg L', 95% CI). The physicochemical properties of the
transformed ZnO NPs could be altered when they pass
through the chorion, which is composed of proteins, and the
presence of a chorion could lead to indirect secondary effects
due to impermeability.** Therefore, dechorionation is
favorable for the purpose of this study. However, no
difference in toxicity was observed in the absence and
presence of chorion; the obtained LCs, was 16.4 mg L™

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 SAED patterns of sulfidation, phosphation, and Zn-FeOOH: (A) S/Zn = 0.484; (B) S/Zn = 0.968; (C) S/Zn = 1.936; (D) PO4/Zn = 0.484; (E)
PO,4/Zn = 0.968; (F) PO4/Zn = 1.936; (G) Fe/Zn = 0.484; (H) Fe/Zn = 0.968; (I) Fe/Zn = 1.936.

(13.5-19.2 mg L™, 95% CI) in chorionated embryos, which
was similar to the previously reported value (i.e., 11.9 mg L™
for 43 nm ZnO NPs).*

Next, we compared the embryonic toxicity of the three
kinds of transformed ZnO NPs. Compared to the pristine
ZnO NPs, the overall toxicity to zebrafish embryos was
reduced by all three transformations (Fig. 4). To clarify, only
embryonic mortality was considered in the analysis; the
incidence of malformation in groups exposed to each
transformed ZnO NP and images of malformed larvae are
shown in Table S2 and Fig. S3.f The patterns of toxicity
reduction were notably varied. A significant reduction in
toxicity was observed at molar ratios of 0.968 and 1.936 with
sulfidation. Ma et al. (2013) estimated the ratio between ZnO
and ZnS NPs at different S/Zn molar ratios and reported
partial sulfidation at S/Zn initial molar ratios of less than 2."°

This journal is © The Royal Society of Chemistry 2021

Thus,
Compared to sulfidation, toxicity was significantly reduced in
phosphation at lower molar ratios. Conversely, with Zn-
FeOOH, no reduction in toxicity was observed at the
equivalent Fe/Zn molar ratios (i.e., 0.484, 0.968, and 1.936).
Interestingly, we observed a significant reduction in toxicity
at much higher molar ratios (i.e., 9.68 and 19.36).

toxicity may be reflective of partial sulfidation.

This study is the first to compare the degree of change in
relative toxicity among three types of ZnO NP transformations
embryos. We
demonstrated that embryonic toxicity was reduced in a
descending order phosphation > sulfidation > Zn-FeOOH.
Phosphation is more effective in reducing the toxicity of ZnO

using one toxicity model, zebrafish

NPs than sulfidation, which is seen more clearly when
considering the molar ratio of PO,/Zn. Recently, Poynton
et al. (2019) compared the effects of two transformations on

Environ. Sci.: Nano, 2021, 8, 1690-1700 | 1695
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Fig. 4 The percent incidence of embryonic mortality in zebrafishes
exposed to zinc oxide nanoparticles (ZnO NPs) transformed by
sulfidation, phosphation, and Zn-FeOOH at different molar ratios.
Three replicates of 24 embryos were exposed to each transformed
ZnO NP from 6 to 120 h post-fertilization. The values are presented as
mean * standard deviation (SD). Significant differences (p < 0.05)
between the toxicity of 50 mg L™ pristine ZnO NPs and toxicity of
groups treated with transformed ZnO NPs are marked by (*).

toxicity using epibenthic crustacean Hyalella azteca and
reported that sulfidation reduces toxicity while phosphation
enhances toxicity.”’ In contrast, both sulfidation and
phosphation reduced toxicity to Caenorhabditis elegans.'® In
our study, we observed reduced toxicity of ZnO NPs to
embryonic zebrafish with all three transformations.
Therefore, changes in toxicity are dependent on the type of
transformation and the test species. As described in the
Experimental section, toxicity testing was performed without
re-dispersion of the transformed ZnO NPs in test media. Since
the transformation of ZnO NPs can be affected by ions such
as calcium, magnesium, and even phosphate'>'” (which was
used to induce phosphation in this study), the ionic
composition of the test media could confound the
comparative analysis of toxicity changes as a result of
transformation. Toxicity testing should be conducted in a
controlled ionic environment to effectively reflect the
unvarnished characteristics of the transformed ZnO NPs.
However, environmental factors in the transformation process
and subsequent toxicity change, such as natural organic
matter, light, and various ionic strengths, should be further
considered to reflect environmentally relevant conditions.
Although studies have expressed that
environmental transformation alters the fate and impact of
ENMs and should be taken into consideration,'®'* few have
reported toxicity changes as a result of transformation,
particularly in ZnO NPs. Most sulfidation studies have
investigated AgNPs, reporting toxicity reduction toward
test species including bacteria, fish, and
nematodes.>**®* We observed reduced ZnO NP toxicity to
zebrafish with sulfidation, which is consistent with other
studies using nematodes, earthworms, and epibenthic
amphipods.’®>' However, another study reported that
sulfidation enhances the toxicity of copper oxide
nanoparticles to medaka.*® Furthermore, we discovered that

several

various
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phosphation and Zn-FeOOH reduced the toxicity of ZnO NPs
to zebrafish embryos; however, few studies have reported the
effects of phosphation and Zn-FeOOH on toxicity. In contrast
to our results, phosphation increases toxicity to benthic
crustaceans and fibroblasts.>*® We speculate that this
difference can be generated by different preparation
methods. Previous studies pre-synthesized phosphate ZnO
NPs and exposed them in test media in the presence of
phosphate. It seems that pre-synthesized ZnO NPs reacted
with phosphate are not efficient to inhibit the release of zinc
ions and the presence of other ions could also influence it.
Additional toxicity testing of different species with the same
transformed ZnO NPs is helpful to conclude test species-
dependent toxicity. More research, especially on phosphation
and Zn-FeOOH, is necessary to gain a better understanding
of the effects of transformation on the toxicity changes of
ZnO NPs.

Agglomeration is a well-known factor that reduces the
bioavailability and biological toxicity of ENMs.'>*%*!
Therefore, we investigated whether the observed toxicity
reduction was attributed to agglomeration caused by
transformation. We found that the addition of sulfur,
phosphate, and FeOOH resulted in an increased particle size
(Table 1); however, the toxicity reduction was not related to
particle size changes. For example, greater toxicity was
observed with sulfidation at low S/Zn molar ratios than high
S/Zn molar ratios, although the hydrodynamic diameters
were bigger. In Zn-FeOOH, hydrodynamic diameters varied
with different Fe/Zn molar ratios, but toxicity was not
affected. Therefore, it is evident that agglomeration did not
contribute greatly to the toxicity reduction of the transformed
ZnO NPs.

Effect of zinc ions on the toxicity of the transformed ZnO
NPs

To explore the mechanism underlying the observed toxicity
reduction of the transformed ZnO NPs, we analyzed the
quantity of zinc ions present in the bulk solutions.
Additionally, we investigated the influence of zinc ions on
biological responses. First, we confirmed that zinc ions were
released from the pristine ZnO NPs into the bulk solution.
Approximately 43 mg L™ of zinc ions were measured in the
50 mg L' pristine ZnO NPs, and the concentration was
maintained over 120 h (Fig. S1Gf}). The rapid dissolution of
zinc is consistent across studies; however, the quantity of
released zinc varies. About 90% dissolution of zinc we
observed is similar to a previous study reporting close to
100% dissolution from 22.4 nm ZnO NPs,*! but far greater
than other studies that report 13% (0.038 mM from 20 mg
L™ 30 nm ZnO NPs)'® and 1.6% from 40 nm ZnO NPs."”
These differences suggest that the dissolution of zinc is
affected by the type of ZnO NPs (i.e., powder or solution), the
synthesis method, the ionic composition of given media,
storage conditions, and physicochemical properties such as
surface coating and size. The zinc concentration decreased

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (A) Zinc concentrations in bulk solutions of the three kinds of
transformed zinc oxide nanoparticles (ZnO NPs). (B) The correlation
between the toxicity reduction rate and zinc concentration reduction
rate. The dotted line represents the equivalent line and the values are
presented as mean * standard deviation (SD).

with increasing molar ratios among all three transformations
(Fig. 5A). However, the degree of decline was dependent on
the type of transformation. Notably, we found that the degree
of toxicity reduction correlated well with the degree of zinc
concentration reduction measured in the bulk solutions
(Fig. 5B). With phosphation, the zinc concentration was
reduced by approximately 80% even at the lowest molar ratio
of 0.484 at which a significant reduction in toxicity was also
observed. The zinc reduction was much higher than that
occurred with sulfidation (30%) at the same molar ratio.
Similarly, toxicity was significantly reduced by sulfidation in
a molar ratio of 0.968 S/Zn at which the zinc concentration
was accordingly reduced. Furthermore, when Zn-FeOOH was
formed, a noticeable reduction in zinc concentration was
observed from 4.84 Fe/Zn, at which toxicity began to
decrease. A significant toxicity reduction was observed at
9.68 and 19.36 Fe/Zn, which was twenty times higher than
that at 0.484 Fe/Zn. Collectively, these results demonstrate
that the toxicity of the transformed ZnO NPs is dependent
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on the in the bulk
solutions.

To confirm the effect of zinc ions on toxicity, we repeated
embryonic toxicity testing after adding EDTA, a potent heavy
metal-chelating agent, to each of the transformed ZnO NPs to
eliminate the remaining zinc ions in the bulk solutions. As
expected, the toxicity of the pristine ZnO NPs significantly
decreased (Fig. 6), indicating that zinc ions govern the
toxicity of the pristine ZnO NPs, which is consistent with
previous studies.*> ** Notably, the degree of toxicity reduction
after adding EDTA was greater than the first observed toxicity
reduction upon exposure to three types of transformed ZnO
NPs. After adding EDTA, the toxicity was completely reduced
to the control level at all molar ratios, regardless of the
transformation type. Moreover, there was no difference in
toxicity among the three kinds of transformed ZnO NPs after
adding EDTA. These observations support the conclusion that
the toxicity changes observed with the transformation of ZnO
NPs result from the variation in zinc concentrations in the
bulk solutions.

We interpreted the reduction in zinc concentration that
varied with the type of transformation along with
characterization results. The surface composition and
morphology changed with sulfidation, which suggests that
three types of sulfides, 1) exchanged sulfides with oxygen on
the surface, 2) ZnS formed through sulfidation, and 3)
remaining sulfides in the bulk solution, are complexed with
zinc ions and inhibit the release of zinc ions, resulting in the
decrease of zinc ion concentration.'®** During phosphation,
phosphate ions are known to rapidly degrade ZnO NPs,'® and
similar to sulfide ions, they are complexed with released zinc
ions and inhibit the release of zinc ions. We evaluated the
embryotic toxicity of the solutions in which sulfur,
phosphate, and hydrous ferric oxide were added to ZnCl,, not
to ZnO NPs. Lower toxicity was observed when sulfur ions

remaining concentration of zinc
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were added to ZnCl, compared to phosphate ions at equal
low molar ratios (0.484 S/Zn and PO,/Zn), indicating that the
complexation between zinc and sulfide ions is greater than
that between zinc and phosphate ions (Fig. S41). In addition,
zinc has a greater binding ability for sulfides compared to
phosphates, which further supports this observation.*” Thus,
phosphate ions that rapidly enclose ZnO NPs hinder the
release of zinc ions rather than complexation, resulting in a
lower concentration of zinc ions in the bulk solution and
lower toxicity compared to sulfidation at equivalent low
molar ratios. In contrast, the concentration of zinc ions in
Zn-FeOOH was maintained at levels similar to that in the
pristine ZnO NPs up to a molar ratio of 1.936 Fe/Zn,
indicating that the association of FeOOH with ZnO NPs does
not affect the release of zinc ions and is less effective to
complex zinc ions than sulfidation. From the low efficiency
of Zn-FeOOH in reducing zinc ions, we can assume that the
reactivity with zinc ions relies on adsorption via the
formation of an inner-sphere surface complex.>**® No
significant changes in chemical composition and morphology
were observed in the XRD and TEM characterization results.
Indeed, FeOOH is commonly applied as an absorbent in
WWTPs."”

Conclusions

This study demonstrates that the characteristics of ZnO NPs,
such as surface composition and morphology, were affected
by transformations, subsequently controlling the ability of
transformed ZnO NPs to complex with zinc ions. The
interference with the release of zinc ions, depending on the
type of transformation, consequently determines the
biological toxicity of the transformed ZnO NPs.
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