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Abstract

Brine shrimp (Artemia salina) larvae were exposed to different sizes of zinc (Zn) and zinc oxide
(Zn0O) nanoparticles (NPs) to evaluate their toxicity in marine aquatic ecosystems. Acute exposure
was conducted in seawater with 10, 50 and 100 mg/L concentrations of the NPs for 24 h and 96 h.
Phase contrast microscope images confirmed the accumulation of the NPs inside the guts. Artemia
were unable to eliminate the ingested particles, which was thought to occur due the formation of
massive particles in the guts. Although the suspensions of the NPs did not exhibit any significant
acute toxicity within 24 h, mortalities increased remarkably in 96 h and escalated with increasing
concentration of NP suspension to 42% for Zn NPs (40-60 nm) (LCsg ~100 mg/L) and to about
34% for ZnO NPs (10-30 nm) (LCsg >100 mg/L). The suspensions of Zn NPs were more toxic to
Artemia than those of ZnO NPs under comparable regimes. This effect was attributed to higher
Zn2* levels (ca. up to 8.9 mg L'1) released to the medium from Zn NPs in comparison to that
measured in the suspensions of ZnO NPs (ca. 5.5 mg L™1). In addition, the size of the nanopowders
appeared to contribute to the observed toxicities. Although the suspensions possessed aggregates
of comparable sizes, smaller Zn NPs (40-60 nm) were relatively more toxic than larger Zn NPs
(80-100 nm). Likewise, the suspensions of 10-30 nm ZnO NPs caused higher than those of 200
nm ZnO NPs. Lipid peroxidation levels were substantially higher in 96 h (p<0.05) indicating that
the toxic effects were due to the oxidative stress.

1. Introduction

Advances in nanotechnology offer numerous benefits with new formulations of nanoscale
materials to meet the demands in various areas of human life spanning from health sciences
to technology (e.g., communication and entertainment devices). Metal and metal oxide
nanomaterials (e.g., TiO, and ZnO) are manufactured in large scale today and products
formulated with these nanomaterials have been available for household use and
healthcare.12 Though the field of nanoscience is still in its early stages, the nanomaterials or
particles released from commercial products have already been identified in environment
and aquatic resources. 34 Nonetheless, their potential effects on human health and
environment are poorly understood. This is mainly because of the complexity of factors that
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influence the toxicological properties of nanomaterials, including size, shape, route of
synthesis, elemental entities, surface coatings and the physicochemical properties of the
medium.>7

Zinc oxide (ZnO) nanoparticles are among the most popular nanomaterials manufactured in
industrial scale as they are widely used as additives in food, sunscreens and cosmetic
products and manufacture of textiles, paint pigments, semiconductors, catalysts,
polishers.8-10 In addition, these NPs exhibit selective toxicity to bacteria and cancer cell
lines, and thus are reported among the potential materials for water disinfection and
chemotherapy.1112 Because of these vast applications concerning human and environmental
health, the ecotoxicological effects of ZnO NPs have been studied by a number groups on
bacteria,13-15 protozoa,16 zebrafish embryo,1” crustaceans,18:19, algae,29-21 and nematodes.??
In most studies, toxicity issues have been ascribed mainly to the zinc ions released from the
nanoparticles,14-16.18.20.21 \yhile several other studies have suggested that toxic effects were
induced by both Zn ions and NPs.1712 The Zn NPs are assumed to exhibit similar prospects
of ZnO NPs in formulating consumer products, such as sunscreens and cosmetics. To date,
however, there is no data available regarding their ecotoxicity and mode of action in aquatic
species.

Understanding the fate and bioavailability of NPs in aquatic systems is important to predict
their impact on aquatic microorganisms (e.g., zooplankton) and producers (e.g., algae), and
transfer through the tropic food chain. Brine shrimp, Artemia species, are zooplankton like
copepods and daphnids and are commonly used to feed larval fish cultures.?3 They play an
important role in the energy flow of the food chain in marine environment. Artemia species
have been used in testing acute toxicity of toxic materials, such as heavy metals and
pesticides.24-26 They offer distinct advantages, including year-round availability, low cost,
ease of culture, high offspring production, short life-cycle, no feeding required during the
assay that led to the development of a wide range of Artemia-based standard bioassays.24-28

The aim of this study is to evaluate the toxic effects of uncoated Zn and ZnO NPs
comparatively to Artemia salina. Particle stability, accumulation and elimination patterns
were examined under 24 h and 96 h exposure in seawater along a concentration gradient
from 10 to 100 mg L. Also the effects of particle size and solubility were comparatively
examined on the toxicity of Zn and ZnO NPs to Artemia salina. Total Zn content was
determined by inductively coupled plasma mass spectrometry (ICP-MS) from the exposed
cultures to elucidate temporal accumulation and elimination patterns. Oxidative stress levels
were measured to elucidate the mechanism of toxicity.2°

2. Materials and methods

2.1 Preparation of nanoparticle suspensions

Uncoated zinc (Zn) and zinc oxide (ZnO) nanoparticles were purchased from Skyspring
Nanomaterials Inc., Houston, TX, USA. Physical properties are listed in Table 1. All NPs
were spherical in morphology.

The NPs were stored at room temperature in the laboratory until the implementation of the
experimental studies. The stock solutions of the NPs were prepared by suspending
appropriate amount of powders in deionized water (18.0 M resistivity) at stock
concentration of 20% (w/v) separately. To homogenize the suspension, the contents were
vortexed for 20 s at 2000 rpm and then exposed to ultrasounds for 10 min for maximum
dispersion in a sonicator bath. Appropriate volumes of the stock suspension were
immediately transferred into the exposure containers that contained Artemia larvae in
seawater.
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2.2 Characterizations of NP suspensions

Particle size distribution of the NPs was characterized by transmission electron microscopy
(TEM) using a JEOL-1011 TEM instrument providing a resolution of JEM-1011 is 0.2 nm
lattice with magnification of 50 to 1x108 under the accelerating voltage of 40 to 100 kV. For
TEM measurements, a drop of the colloidal solution of NPs was placed on a 50-A thick
carbon-coated copper grid and allowed to dry to record TEM images. Particle size
distribution was determined by ImageJ software package. To estimate the mean particle size,
approximately 100 NPs were measured in random fields of view of three images.
Hydrodynamic (actual) size distribution of the NPs in stock solution and exposure medium
was determined by dynamic light scattering (DLS) measurements by using a Nano ZS
Zetasizer (Malvern Instruments). A portion of the suspension from stock and exposure
medium was diluted to appropriate range with water and briefly vortexed to homogenize the
contents. Five DLS measurements were taken successively for each solution to estimate the
particle size distribution in water.

2.3 Preparation of Artemia salina larvae

The artemia cysts were purchased from Artemia International LLC, Houston TX, and were
kept at 4°C in a refrigerator. The cysts were hatched in seawater (3% m/v). The seawater
was prepared by dissolving appropriate amount of Instant Ocean® salt in deionized water,
stirred for 24 h under aeration and then filtered through 30-pm Millipore cellulose filters.
Artemia were hatched by using the procedure described by Persoone et al.30 Briefly,
encysted artemia were first hydrated in distilled water at 4 °C for 12 h and then washed to
separate the floating cysts. The sinking cysts were collected on a Buchner funnel and
washed with cold deionized water. Approximately 3 g of the pre-cleaned cysts were
incubated in 1.5 L seawater in a conical plastic contained with graduations at 30 + 1 °C. A
1500 lux day-light was provided continuously by a fluorescent lamp. Aeration was
maintained by a small line extending to the bottom of the hatching device from an aquarium
air-pump. Under these conditions, artemia larvae hatched within 24 h.

2.4 Exposure setup

Acute toxicity was conducted according to the Organization for Economic Cooperation and
Development testing guidelines (OECD 202).3!Artemia larvae were exposed to three
different concentrations of the Zn and ZnO NPs (10, 50 and 100 mg L™1) for 24 h and 96 h.
A control group was also setup without the test compound. Exposures were carried out in
triplicate in 1.0 L conical plastic containers in 500 mL seawater at 24 + 2 °C. Sight aeration
was provided through the bottom of the conical flask to prevent settling of NPs from the
suspension. Total salinity of 2.9-3% m/v, and a light regime of 16:8 h light:dark were
maintained. No food was provided during the course of the exposure. Details of the
experimental conditions are summarized in Table 2.

In addition, the ability of Artemia to eliminate the ingested NPs was also investigated. At the
conclusion of the exposure, part of the Artemia from each group were washed with seawater
and immediately transferred into a clean seawater bath. They were allowed to eliminate the
ingested particles for a period of 24 h.

2.5 ICP-MS analysis of Artemia samples

Artemia were sampled and thoroughly washed with water using a 40-um plankton net. The
cleaned samples were then filtered by 0.45-mm Whatman filter paper. To determine the NP
accumulation, about 0.1 g of wet artemia were weighed and digested in teflon vessels in 2
mL concentrated HNO3 (trace metal grade, Fisher Scientific) for 2 h by using digestion
block (DigiPrep MS, SCP Science) at 160 °C.32 The contents were diluted to 50 mL with
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deionized water and analyzed for Zn by ICP-MS using a Varian 820MS ICP-MS instrument
(Varian, Australia). Total Zn concentration obtained from ICP-MS and analysis was used to
determine the concentration of Zn and ZnO NPs. Similarly, artemia samples that were kept
in clean seawater for NP elimination were digested in nitric acid and analyzed by ICP-MS.
The Zn concentration measured from the samples was used to estimate the NP depuration
rate.

2.6 Toxicity assay

Thiobarbituric acid-reactive substances (TBARS) were measured to determine the lipid
peroxidation products as a measure oxidative stress induced by the NPs of Zn and ZnQO. The
values were expressed as total malondialdehyde (MDA) concentration per gram of artemia.
The MDA concentration was measured as described by Van Ye et al.33 At the end of
exposure, 0.1 g artemia were washed with cold water and then assayed using the MDA kit
(Northwest Life Science, LLC, Vancouver, WA). Samples were homogenized in 2 mL
phosphate buffer solution (pH 7.2) by ultrasonic homogenizer and then centrifuged at 6,000
rpm for 10 min. The resulting supernatant was used for biochemical assay immediately.
Briefly, 10 pL butylated hydroxytoluene (BHT), 0.25 mL of sample supernatant, 0.25 mL of
phosphoric acid (1.0 M), and 0.25 mL of TBA were added to a vial. A set of MDA standards
were freshly prepared from tetramethoxypropane in a concentration range of 0 to 10 M. All
samples and standards were incubated at 90 °C for one hour, then centrifuged at 12,000 rpm
for 15 min to separate the suspending tissue. The absorbance of the supernatant (reaction
mixture) was measured at 532 nm. Measurements were performed in triplicate for all
experimental groups.

2.8 Statistical analysis

The data were recorded as the mean and standard deviation. Oneway analysis of variance
(ANOVA) with Tukey's multiple comparisons was used to detect significant differences in
mortality, accumulation and elimination rates, and toxicity among the controls and
treatments. A p-value of < 0.05 was considered statistically significant.

3. Results and discussion

3.1 Particle size distribution of NP suspensions

The TEM data in Table 3 demonstrate that the size of the NPs in the stock suspensions
possessed a narrow size distribution and was within the range of the reported values. The
TEM images shown in Fig. 1a and ¢ were also consistent with the TEM data for the stocks.
Surface charge is critical to maintain the stability of NPs in solution through electrostatic
repulsions. As indicated in Table 3, NPs of Zn and ZnO possessed negatively and positively
charged surfaces, respectively (see Zeta potentials). These values were relatively small.
Though it was minimal, particles aggregated in water indicating that the surface charge was
not sufficient to prevent the aggregation of the NPs in the water even in the absence of
counter ions. On the other hand, the TEM images of the suspensions from the exposure
medium contained micrometer size aggregates of NPs due to the loss of electrostatic
repulsion in the saltwater (Fig. 1b and d). These results were consistent with the data
reported previously.13-21

As expected the hydrodynamic diameters of Zn and ZnO NPs in exposure medium were
substantially larger than those estimated by TEM (see DLS data, Table 3). Mean particle
size ranged between 1620 to 2203 nm, which was due to the hydration of NP surfaces and
reduction of electrostatic repulsion in the medium.18-20.21.34.35 nteresting to note that
hydrodynamic sizes were slightly larger for the smaller NPs, Zn (40-60 nm) and ZnO (10-30
nm) which attributed to the increasing surface area with decreasing particle size (see Table
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1). Nonetheless, both TEM and DLS results verify that aggregation or agglomeration of Zn
and ZnO NPs in agueous solution is inevitable, suggesting that Artemia were indeed
exposed to aggregates of Zn and ZnO NPs rather than the NPs.

3.2 Accumulation of NPs

Artemia are non-selective filter-feeders as daphnids, and thus can ingest fine particles
smaller than 50 pm readily.36 At the termination of the exposure, larvae from each group
were examined under a phase contrast microscope (Micromaster (Model 12-575-252, Fisher
Scientific) equipped with a digital camera to acquire a visual view of the ingested of NPs.
Images were captured by Micron Imaging software package from live Artemia in Petri-
dishes.

As shown in Fig. 2, the guts for the control was empty (transparent), whereas it was entirely
filled with NPs (e.g., aggregates of the NPs) in the treatment. The images also verify that
Artemia larvae were unable to eliminate the ingested NPs. The same accumulation pattern
was observed regardless of the size of the NPs indicating that Artemia did not show any
discrimination to differences in NP size. This is attributed to the fact that the aggregates
(Table 3) were still significantly smaller compared with the large particles that Artemia can
assimilate (e.g., 50 um).

The accumulation profiles of Zn and ZnO NPs are illustrated in Fig. 3 and Fig. 4,
respectively. The concentrations are based on the wet weight of Artemia, reflecting the total
body burden across the concentration gradient from to 10 to 100 mg NP L1, All controls
showed about 9 to 13 pg g1 Zn which was thought to derive from the medium (e.g.,
seawater). Average Zn concentration resulting from exposure to the suspensions of 40-60
nm Zn NPs ranged from 56 to 128 ug g1 and 65 to 198 g g™ for 24 and 96 h, respectively.
For relatively larger Zn NPs (80-60 nm), total Zn in the guts ranged from 53 to 135 ug gL in
24 h and 86 to 220 g g™t in 96 h. Differences between the two sizes of Zn NPs were not
significant within same exposure regime (e.g., 24 h) (p>0.05), presumably because of the
fact the aggregates in water had almost same hydrodynamic size (2110-1952 nm) that were
also too small to affect Artemia’s filtration rate. Conversely, accumulation was more
influenced from the NP concentration and the duration of the exposure such that the guts
exhibited the highest Zn concentration in 96 h in 100 mg L1 Zn NPs.

The particle accumulation from the suspensions of the ZnO NPs followed similar trend and
was not influenced from the size of the NPs as observed for the Zn NPs (p>0.05). For 10-30
nm ZnO NPs, total ZnO concentration in the guts ranged from 264 to 735 ug g1 in 24 h, and
406 to 1301 pg g1 in 96 h. Exposure to 200 nm ZnO NPs resulted in comparable levels of
ZnO in the guts that varied from 309 to 700 pug g™ and 506 to 1400 pg g'* within 24 h and
96 h, respectively. Differently from the Zn NPs, however, Artemia accumulated
substantially higher amounts of ZnO NPs (ca. 6-fold higher). The Zn NPs tended to attach to
the walls of the exposure tank as black deposits and fall out of the solution. Contrary, the
Zn0O NPs suspensions did not exhibit any such instability, suggesting that large
accumulation was presumably associated with better stability of the ZnO suspensions
compared with those Zn NPs.

3.3 Elimination rate of ingested NPs

The elimination profiles for the accumulated Zn and ZnO NPs are illustrated in Fig. 3 and
Fig. 4, respectively, when exposed Artemia are kept in nanoparticle—free seawater. The
elimination exhibited first order kinetics where the rate of depuration increased with time as
well as the concentration in the guts. Nevertheless, the loss in the concentration of ingested
NPs was significantly lower than the accumulation for all the NPs. As expected the highest
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loss occurred for the groups exposed to 100 mg L1 levels for which average concentration
of NP eliminated in 24 h was about 6.0 and 15.2 ug g1 for Zn (40-60 nm) and Zn (80-100
nm) NPs, respectively. These values increased to about 15.6 and 25.0 ug g1, respectively, in
96 h. In the case of ZnO, the concentration of NP eliminated in 24 h was 32 and 52 pg g
for ZnO (10-30 nm) and ZnO (200 nm), respectively. For 96-h depuration period, the
elimination was about 126 g g1 and 174 g g1 for the same size NPs, respectively.
Compared with the accumulated levels, the values reflect a reduction of about 7.9% (Zn NP
40-60 nm), 11.4% (Zn NP 80-100 nm), 9.7% (ZnO 10-30 nm) and 12.4% (ZnO NP 200 nm)
in 96 h. The removal of the ingested particles was significantly slow indicating that Artemia
was unable to eliminate the ingested particles as readily as it accumulated. This phenomenon
could be due to the formation of massive aggregates inside the guts after accumulation.

3.4 Dissolution of Zn and ZnO NPs in the medium

Zinc is an essential trace element for biological organisms, but it is also known to cause
cellular damage at high concentrations. Regarding the toxic effects of ZnO NPs, some
studies concerning D. magna,1# protozoa,1® and microalgae?? attributed the toxicity to the
Zn ions (Zn%*) released from the NPs into the solution. On the other hand, the findings of
other studies with zebra fish (Danio rerio) embryos,1’D. magna,1® and marine copepod
(Tigriopus japonicus)3’ imply that the Zn?* cannot account entirely for the toxicity of ZnO
NPs.

In order to elucidate the extent of dissolution of Zn and ZnO NPs and its contribution on the
toxic effects, the concentration of Zn?* in experimental suspensions were determined by
ultrafiltration. In this procedure, 2 mL from each suspension were taken and centrifuged for
1 h to separate the suspending particulates and NP aggregates. Then, 0.5 mL of the
supernatant solution was passed through ultra-filtration filters (VWR International) with a
molecular cutoff 3,000 Da to separate the Zn ions from the particles. This filter rejects
particles greater than 1.3 nm, therefore, the filtrate is assumed to contain Zn%*
predominantly and all NPs and aggregates greater than 1.3 nm are retained on the filter. The
filtrate was then analyzed by ICP-MS for Zn in the solution. The results showed that Zn2*
levels released from the Zn NPs were significantly higher than those released from the ZnO
NPs (p<0.05) (see Fig. 5).

Eventually, the dissolution of the NPs was higher at low test concentrations (ca. 25% for Zn
NPs and 16% ZnO NPs in 10 mg L1 suspensions). However, a large fraction of the NPs
were still intact (e.g., undissolved) in the medium. This phenomenon can be ascribed to the
higher pH of the suspensions (pH 8.1-8.8). Studies utilizing sensory bacteria to measure the
free Zn ions reported that ZnO NPs were almost fully dissolved in the medium and were
available to the sensor bacteria.1416.18 However, it should be noted that the pH of the
medium in bacterial biosensor assays is usually lower (e.g., pH 6.5-7.2) and could facilitate
the dissolution of the NPs.

Poynton et al.1® determined much lower levels of Zn?* (about 0.4 mg L™1) released from
uncoated ZnO NPs (20 nm) in the exposure of D. magna. These levels were almost identical
with Zn2* levels (0.4-0.5 mg L™1) that we determined from 10 mg L1 suspensions of similar
size uncoated ZnO NPs (10-30 nm). In their determination, they used ultrafiltration devices
similar to those we utilized here and the pH of the exposure medium was alkaline (pH 8.2)
as for the Artemia larvae (pH 8.1-8.8, Table 2). It is evident from these results that the
dissolution of ZnO and Zn NPs depends on the pH of the medium, and thus, the effects
could vary greatly if the toxicity is mediated by the ZnZ* only. In addition, they found that
the Zn concentration in the medium was independent of the exposure time and the NP
concentration. Our results for ZnO NPs (Fig. 5) suggest that free Zn2* concentration in the
exposure medium was not influenced from the exposure time (p>0.05), but the concentration
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of the suspension and the size of the NPs (p<0.05). Larger ZnO NPs (e.g., 200 nm) appeared
to dissolve to a greater extent compared with 10-30 nm ZnO NPs. Average Zn2*
concentration in the 10 mg L1 suspensions of 10-30 nm ZnO NPs was about 0.4-0.5 mg L1
while it ranged from 1.3 to 1.6 mg L1 for 200 nm ZnO NPs (see Fig. 5). The 50 and 100 g
mL-1 suspensions of the 200 nm size ZnO NPs also exhibited similar profile and contained
significantly higher Zn2*, up to 4.4 and 5.5 mg L1, respectively, in comparison to the
suspensions of 10-30 nm ZnO NPs (2.8 and 3.7 mg L1, respectively).

Suspensions of Zn NPs also contained high levels of Zn?* in the test medium (Fig. 5).
Apparently, the results imply that under similar physicochemical conditions (e.g., pH,
salinity, and temperature), Zn NPs dissolved to a greater extent (ca. about a factor of 1.5)
than ZnO NPs. The concentration of Zn2* was as high as 1.6, 4.8 and 5.9 mg L1 in 24 h and
increased to 2.6, 6.9 and 8.9 mg L1 in 96 h for the 10, 50 and 100 mg L1 Zn NP
suspensions, respectively. Dissolution of the NPs did increase proportionately with NP
concentration and the exposure time, but were not influenced from the variation in particle
size unlike that occurred for the ZnO NPs (p>0.05). This is presumably due the fact that the
differences in mean particle size for Zn NPs were not as large as for the ZnO NPs. As a
result, the suspensions with identical NP concentration possessed almost identical levels of
Zn2* regardless of the size of the NPs (Fig. 5).

3.5 Acute toxicity of Zn and ZnO NP suspensions

The mortality rates are illustrated in Fig. 6 for the Zn and ZnO NPs. The controls showed
about 3 to 5% mortality in 24 h and 96 h, which were not statistically significant (p>0.05).
As pointed out above that the exposures were conducted in the absence of food. The
experimental mortalities for the controls clearly demonstrate that deprivation from food did
not induce any lethal effects on Artemia larvae even up to 96 h. In the treatments, the
mortalities increased with increasing NP concentration and time (p<0.05). In 24 h, average
mortality ranged from 5% (10 mg L™1) to 12% (100 mg L™1) for Zn NPs (40-60 nm), and 4%
(10 pg mL"1) to 10% (100 mg L") Zn NPs (80-100 nm) (LCsg > 100 mg L™1). These results
demonstrated that Zn NPs were relatively benign to Artemia larvae during 24 h exposure,
even at the highest test concentration. The lethal effects recorded for 96-h exposure were
more prominent. Average mortality was about 24% in 10 g mL-1 suspensions of the Zn
NPs (40-60 nm) and increased to 42% in 100 mg L1 suspensions indicating that the LCxs
concentration was around 100 mg L1, Likewise, the mortality for the relatively larger Zn
NPs (80-100 nm) was 18% in 10 mg L1 suspensions and increased to 34% in 100 mg L1
suspensions (LCsg > 100 mg L™1). Although the effects did not differ significantly in 24 h
(p>0.05), it should be noted that smaller Zn NPs (40-60 nm) induced higher lethal effects
than relatively larger 80-100 nm size NPs in 96 h (p<0.05) despite the fact that
hydrodynamic sizes did not differ significantly. This effect could be indicative of size-
dependent toxicity of the NPs.

The temporal pattern of lethal effects from the ZnO NPs were similar to those of Zn NPs.
The mortalities recorded within 24 h ranged from 5 to 9% for ZnO (10-30 nm) and 5 to 6%
for ZnO (200 nm) within the same concentration gradient (e.g., 10 to 100 mg L1). A 10-fold
increase in the NP concentration induced only moderate effects on Artemia (LCsy > 100 mg
L-1). However, the same suspensions exhibited elevated toxicity in 96 h as it occurred for
the Zn NPs. Average mortality was about 14% (10 mg L) and 26% (100 mg L) for 10-30
nm ZnO NPs, and 11% (10 mg L") and 18% (100 mg L1) for 200 nm ZnO NPs.
Apparently, the smaller ZnO NPs (10-30 nm) induced higher mortalities than larger ZnO
NPs (200nm) as occurred for the Zn NPs (p<0.05). Yet, the 96-h LCsq levels were still well
above 100 mg L™L. These results clearly demonstrated that the ZnO NPs were not acutely
toxic to Artemia. In contrast, studies conducted on D. magna, a freshwater crustacean,
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reported significant toxicity for uncoated ZnO NPs from different suppliers.13.14.16.18 The

L Cs values ranged from 2.118 to 22 mg L-1.19 In comparison to D. magna, Artemia is more
tolerant to toxic effects of heavy metals,24-26 therefore, the LCsq values reported for D.
magna, and may not reflect the toxicity to Artemia salina. In addition, the effects could be
dependent on the formulations of the NPs since manufacturers utilize different routes of
synthesis. Consequently, the physicochemical and toxicological properties of ZnO NPs
could vary substantially even if NPs possess similar size distribution.

3.6 Effect of NP dissolution on mortality

Our results point to the fact that both Zn and ZnO NPs exhibited moderate toxicity to
Artemia larvae in 24 h regardless of their size and concentration. However, the suspensions
of Zn NPs were more toxic during 96 h and induced significantly higher mortalities than
ZnO NPs (see Fig. 5, p <0.05). The results also substantiate that NPs did release significant
amount of Zn2* into the suspension during the prolonged exposure (Fig. 5). This
phenomenon clearly implies that Artemia was exposed to Zn2* and aggregates of the NPs.
Namely, the sources of the toxic effects were two-fold viz, total body burden of NPs and the
free Zn2* in the medium. In previous studies concerning the toxicity of ZnO NPs on D.
magna, the LCxq values for ZnO NPs and Zn?* were found to be similar (ca. 1.4 - 4.9 mg
L-1).14.16,38 Thys, the lethal effects were attributed to Zn2* from the dissolution of NPs.
Poynton et al.,1% on the other hand, found that the concentration of Zn2* was small (0.4 mg
L-1) though the LCsq values were similar (1.3 mg L™1), and thus concluded that the toxicity
of the ZnO NPs were mediated by NPs and the Zn2*.

Artemia salina is relatively resistant to heavy metal toxicity and can tolerate wide ranges of
metal concentration.24:26:39 Typical LCsq values for Zn2* for Artemia salina larvae were
reported to be around 17.8 and 12.3 mg L1 in 24 and 48 h.24 Apparently, Zn2*
concentrations measured from the suspensions of ZnO NPs in 24 h were all lower than the
24-h LCsx value, ranging from 0.4 to 3.7 mg L1 for 10-30 nm ZnO NPs and 1.3 to 5.5 mg
L1 for 200 nm ZnO NPs. Accordingly, the mortality rates were lower 5-9% (10-30 nm ZnO
NPs) and 5-6% (200 nm ZnO NPs). In 96 h, Zn2* levels in the suspensions of ZnO NPs did
not change significantly (p>0.05, Fig. 5), but the mortalities increased substantially to
14-26% (10-30 nm ZnO NPs) and 11-18% (200 nm ZnO NPs). At first, this effect could be
attributed to the prolonged exposure in the presence of elevated levels of ZnZ*. Interestingly,
however, 96-h mortalities were higher for the suspensions of 10-30 nm ZnO NPs despite
that they contained significantly lower Zn2* levels. This result supports the findings of
Poynton et al.1® that toxic effects were not totally due to the Zn?* in the solution; other
factors viz., particle toxicity, body burden (accumulation) and size effects should also be
considered. As can be seen in Fig. 4, total body burden of the ZnO NPs was not affected
from the size differences, but the mortalities (Fig. 6), within same exposure regime (e.g., 96
h exposure in 100 mg L1 suspensions). This result implies that toxic effects of suspensions
of ZnO NPs could vary with the size of their nanopowders even if their hydrodynamic sizes
are similar. This result also supports our assumption above (Section 3.4) that the elevated
toxicity observed in suspensions of smaller ZnO NPs (10-30 nm) were indeed associated
with the size.

The scenario was similar for the suspensions of Zn NPs. Total body burden had no
significant influence on toxic effects. The suspensions did induce similar mortalities as those
of ZnO NPs within 24 h during which the free Zn?* levels (1.6 - 5.9 mg L"1) were all well
below the 24-h LCsq value (17.8 mg L™1). With increasing Zn2* concentration (ca. 8.9 mg
L-1) in 96 h, the suspensions of Zn NPs became more toxic to Artemia than those of ZnO
NPs. This result reveals that the increasing toxicity was due to the prolonged exposure to
elevated Zn2* levels. Likewise, 96-h mortalities were higher for the suspensions of smaller
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Zn NPs (40-60 nm) than 80-100 nm Zn NPs (24% vs 18% in 10 pg mL1 and 42% vs 34%
in 100 mg L1 Zn NP suspension). This result was also consistent with those observed for
ZnO NPs confirming that relative toxicity of Zn NPs increased with decreasing size of
nanopowder.

3.7 Effect of Zn and ZnO NPs on oxidative stress

Oxidative stress induced by the suspensions of the Zn and ZnO NPs were measured as total
malondialdehyde (MDA) concentration, a natural bi-product of lipid peroxidation. The
results are summarized in Table 4. The data were consistent with the mortality rates for 24-
and 96-h exposure in different concentrations of Zn and ZnO NP suspensions. MDA levels
in controls increased marginally (p = 0.042) in 96 h, which could be attributed to the food
deprivation, though this effect was not reflected in their mortalities (3-5%). Eventually, the
MDA levels confirm that both Zn and ZnO NPs induced oxidative stress even in 24 h,
especially at higher concentrations of NPs (e.g., 100 mg L") where mortalities were
moderate (about 9-12%). Presumably, Artemia salina were still acclimating to the effects of
NPs and increasing Zn2* levels in the medium.

The MDA concentrations substantially increased in 96 h compared with 24 h (p<0.05).
Further, 96-h mortalities correlated with the MDA levels for appropriate NPs (0.98 >r >
0.92) suggesting that toxicity effects of Zn and ZnO NPs were mediated by oxidative stress.
These results are supported by previous reports.1”40 It should also be noted that the 96-h
MDA levels for the suspensions of Zn NPs were higher than those of ZnO NPs, especially
for smaller size NPs. This result confirms that Zn NPs were more toxic than ZnO NPs.
Additionally, the 96-h MDA levels showed differences with the size of the NPs. The
suspensions of smaller Zn NPs (10-60 nm) and ZnO NPs (10-30 nm) induced higher
oxidative stress compared to the suspensions of relatively larger NPs. This result is also
coherent with higher mortalities observed in these suspensions, confirming that the size of
Zn and ZnO NPs influences the toxicity of their suspensions.

4. Conclusion

In this study, we evaluated the stability and solubility of Zn and ZnO NPs in seawater, and
the toxic effects of their suspensions to Artemia salina larvae to elucidate the chemical and
toxicological impact to marine micro-organisms. The results pointed to the fact that
suspensions of Zn and ZnO NPs were not acutely toxic to Artemia at environmentally
feasible levels. However, prolonged exposure to the same suspensions induced significant
toxicity and oxidative stress resulting in increased lipid peroxidation levels. Moreover, the
suspensions of Zn NPs induced more toxicity than ZnO NPs under similar exposure
regimes. We concluded that this effect was associated with elevated free Zn2* released from
Zn NPs into exposure medium.

The results reveal that Zn and ZnO NPs aggregate in seawater to micrometer particles. This
process would ultimately reduce the toxic properties of the NPs. Nevertheless, both Zn and
ZnO NPs showed differences in toxic effects depending on the size of their nanopowders,
viz., the suspensions of smaller size NPs were more toxic. These results suggest that the size
of the nanopowders could contribute to observed toxicity, besides the Zn2*, even if the NPs
aggregate to similar hydrodynamic sizes in the solution. In future studies more attention
should be given to the formulations of Zn and ZnO NPs to better understand their
toxicological properties since both surface properties and ion release kinetics change with
underlying manufacturing processes.
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Fig. 1.

TEM images of Zn and ZnO NPs from stock NP suspensions and exposure medium. a: Zn
NPs (40-60 nm) in water, b: ZnO NPs (10-30 nm) in water, ¢: Zn NPs (40-60 nm) in
seawater, d: ZnO NPs (10-30 nm) in seawater.. Nanoparticles in exposure medium (b and d)
rapidly aggregated into micrometer size particles.
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Fig. 2.
Phase contrast microscope images of live artemia larvae showing the accumulated NPs. The

guts are empty in controls. Ingested NPs are visible as a dark strip inside the guts of the
treatment.

Environ Sci Process Impacts. Author manuscript; available in PMC 2014 January 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ates et al.

300
aControl
250 - 310 mg/L
& @50 mg/L
2 200 - 8100 mg/L
5
= 150 -
©
=
®
S 100 -
c
8
o 50 4
N
24 h 96 h 24 h 96 h 24 h 96 h 24 h 96 h
Accumulated Eliminated Accumulated Eliminated
Zn NP (40-60 nm) Zn NP (80-100 nm)

Fig. 3.

The effects of NP size, concentration and exposure time on the accumulation and

elimination of Zn NPs by artemia larvae.
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Fig. 4.

The effects of NP size, concentration and exposure time on the accumulation and

elimination of ZnO NPs by Artemia larvae.
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Fig. 5.
Temporal dissolution patterns of Zn and ZnO NPs, and the variation of Zn ion concentration
in the suspensions as function of NP concentration and size.
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Fig. 6.
Percent mortality rates for Artemia salina larvae from exposure to Zn and ZnO NPs for 24 h
and 96 h exposure.
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Table 1

Descriptive physical properties of the Zn and ZnO NPs

Nanoparticle

Average particle size/nm  Surface area/m? gl  Appearance

Zn (99.9%)
Zn (99.9%)
ZnO (99.8%)
Zn0 (99.8%)

40-60 12 Black

80-100 6.5 Black

10-30 30-50 White-yellow
200 na White-yellow
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Size distribution and surface charge of Zn and ZnO NPs estimated from aqueous suspensions

Table 3

Nanoparticle

TEM/nm DLS/nm  Zeta value/mV

Zn (40-60 nm)
Zn (80-100 nm)
ZnO (10-30 nm)
ZnO (200 nm)

30-80 2110 -0.0426
40-135 1952 -0.1517
10-55 2103 0.3102
90-230 1820 0.0341
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