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Abstract
Embryonic zebrafish were used to assess the impact of solution ion concentrations on
agglomeration and resulting in vivo biological responses of gold nanoparticles (AuNPs). The
minimum ion concentration necessary to support embryonic development was determined.
Surprisingly, zebrafish exhibit no adverse outcomes when raised in nearly ion-free media. During
a rapid throughput screening of AuNPs, 1.2-nm 3-mercaptopropionic acid-functionalized AuNPs
(1.2-nm 3-MPA-AuNPs) rapidly agglomerate in exposure solutions. When embryos were exposed
to 1.2-nm 3-MPA-AuNPs dispersed in low ionic media, both morbidity and mortality were
induced, but when suspended in high ionic media, there was little to no biological response. We
demonstrated that the media ionic strength greatly affects agglomeration rates and biological
responses. Most importantly, the insensitivity of the zebrafish embryo to external ions indicates
that it is possible, and necessary, to adjust the exposure media conditions to optimize NP
dispersion prior to assessment.
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Introduction
The use and incorporation of nanoparticles (NPs) into industrial and consumer products is
increasing. At the present, their impact on the environment and human health remains
largely unknown. Although many studies have investigated NP effects, the materials used,
the experimental assays, the model and platform (in vivo or in vitro) are highly diverse.
These non-systematic approaches make it difficult to interpret the results and understand
potential health and environmental implications of NPs. Without toxicological data collected
systematically (with similar materials, relevant platforms and assays), it will be challenging
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to identify potential risks associated with NP exposure. Efficient, relevant and reliable
toxicological models will help acquire these data.

One means of bridging this knowledge gap is by assessing NP toxicity in complex biological
systems. Toxicological assessments can utilize both in vitro and in vivo methodologies.
While cell culture-based approaches are rapid, cost-effective and amendable to high-
throughput analysis, the utility and predictivity of in vitro data is limited as individual cells
in artificial culture environments lack the complexity of whole animal systems. Commonly
used in vivo systems, such as laboratory rodents (Paigen 2003), are likely more relevant and
are extensively used for hazard identification as part of a risk assessment process. However,
for the evaluation of numerous NPs, the animal- and labour-related cost and the high-test
material demands lend rodent-based studies incompatible for high-throughput data
collection. Rapid, applicable toxicity screens are necessary to assess the backlog of untested
NPs and to begin defining the basic NP characteristics that drive biological responses.

An alternative model to help understand the influence of NP stability on biological
responses is the embryonic zebrafish model (Parng 2005; Bowman & Zon 2010). As a
widely accepted model for mechanistic-based toxicological studies, the embryonic zebrafish
offer a rapid, high-throughput platform to assess chemical and biological system interactions
(Yang et al. 2009;Furgeson & Fako 2009; Rubinstein 2003). Female zebrafish produce a few
hundred embryos each spawn, which allows for large sample sizes and rapid assessments.
Embryos develop externally and are optically clear, allowing for non-invasive evaluations.
While other researchers have used zebrafish to assess NPs toxicity (Lee et al. 2007; Bar-Ilan
et al. 2009), our group has developed rapid methods using this model to quickly evaluate NP
responses in a multi-well plate format in a systematic manner (Harper et al. 2008; Truong et
al. In press; Usenko et al. 2007). Using this in vivo platform, the impact of NP exposure on
mortality, morbidity and complex central nervous system function can be rapidly assessed.
These assessments are simultaneous and allow for evaluations using a minimal amount of
nanomaterials, which further favours rapid throughput data collection.

Most in vivo and in vitro screening approaches utilize media that are rich in ionic species.
These ions are often critical for viability and cellular function. It is well established that the
suspension of NPs in ion-rich aqueous solution often agglomerates resulting in a loss of NPs
monodispersion (Murdock et al. 2008). This issue of NP agglomeration in aqueous
conditions extends to effect the assessment of NPs in other systems such as cell culture (Jin
et al. 2010) and in vivo models such as embryonic zebrafish. Agglomeration of NPs is
problematical since the resulting surface area, charge and sizes are drastically different
compared with the synthesized particle. Clearly, these parameters influence resulting
toxicological outcome.

At present, most researchers assess NP stability following synthesis in deionized or reverse
osmosis (RO) water (Sayes & Warheit 2009), while toxicological studies are often evaluated
in ion-rich assay systems. Many groups have tackled the dispersion challenge by coating
NPs with various moieties. These include surfactants and compounds such as sodium
dodecyl sulphate, sodium citrate, gum arabic, poly-vinylpyrrolidone, or ligands and
polymers (Olenin et al. 2008; Tolaymat et al. 2008). Although these agents are effective in
favouring dispersion, they dramatically alter NP surface properties. Coating types on
quantum dots are the primary determinant of cytotoxicity and immunotoxicity in HEK cell
lines (Ryman-Rasmussen et al. 2007). Alteration to the surface coatings results in
significantly varied cytotoxic response to iron oxide NPs (Ying & Hwang 2010). When
natural organic matter is added, the surface properties and size characteristics are
dramatically altered. For example, Suwannee River humic acid and fulvic acid, when added
to C60 fullerenes, agglomerate size, and morphology significantly changed (Xie et al. 2008).
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The widespread use of coatings is a major concern as they are used to modify the surface
properties of the suspended test material. Since NP surface properties are major drivers of
the NP–biological interface, NP coating for experimental convenience may complicate data
interpretation. We propose that the zebrafish offer an alternative method to assessing NP
toxicity by overcoming some of these limitations. Zebrafish are brackish fish that can
tolerate a wide range of ion concentrations (Lawrence 2007; Uliano et al. 2010), but the
tolerable range is not well defined for embryonic development. Embryos can tolerate an
increased salinity level of 0.196 parts per thousand (ppt) up to 2 ppt (Sawant et al. 2001).

With this information, we instead focused on defining the minimum ion concentration
necessary to support normal embryonic zebrafish development. We reasoned that if
zebrafish could develop normally in low ionic concentration media, more classes of NPs
could be assessed because NP agglomeration could be minimized during the exposure
period. In previous studies, we assessed NP–biological interactions from a library of gold
NPs (AuNPs). During that screening, 1.2-nm 3-mercaptopropionic acid-functionalized
AuNPs (1.2-nm 3-MPA-AuNPs) rapidly agglomerated and fell out of solution. The goal of
the current proof of concept study was to determine the influence of ionic strength on
agglomeration and resulting biological responses. We determined that zebrafish can develop
normally up to 120 h post-fertilization (hpf) in the absence of externally added ions and that
the ionic concentration of the media greatly influenced the agglomeration rate and biological
responses of 1.2-nm 3-MPA-AuNPs. The tolerance of zebrafish embryos to various ionic
strength media will have the practical advantage in extending the range of materials that can
be more accurately assessed in this powerful in vivo model.

Materials and methods
Nanoparticles

Materials—Hydrogen tetrachloroaurate (HAuCl4•H2O) was purchased from Strem
(Newburyport, MA). Dichloromethane and tetrahydrofuran (THF) were purchased from
Mallinckrodt Chemicals (Phillipsburg, NJ). All other compounds were purchased from
Sigma-Aldrich Chemical Co (St. Louis, MO). All chemicals were used as received.
Nanopure water (18.2 MΩ•cm resistivity) was prepared with a Barnstead Nanopure filtration
system and used for all aqueous samples. Polyethersulfone diafiltration membranes
Omega TI10K were obtained from Pall Life Sciences (Ann Arbor, MI). The amine-
functionalized SMART grids for transmission electron microscopy (TEM) imaging were
purchased from Dune Sciences (Eugene, OR).

Procedure for the preparation of 3-MPA-protected AuNP—Water-soluble, 3-
mercaptopropionic stabilized NPs were prepared through interfacial ligand exchange
reaction between 1.5-nm phosphine-stabilized NPs (Au101(PPh)21Cl5) dissolved in
dichloromethane/THF mixture with 3-MPA in water using the literature procedure (Woehrle
et al. 2005). Briefly, a solution of 45 mg of 1.5-nm Au101(PPh)21Cl5 in 20 ml of
dichloromethane/THF (1:1 mixture) was added to a solution of 23 mg of 3-MPA in 30 ml of
phosphate KH2PO4/K2HPO4 buffer (10 mM, pH = 8). The biphasic reaction mixture was
stirred rapidly at room temperature for 4 h. The reaction was completed when dark-coloured
NPs transferred from the organic to aqueous phase. The layers were separated, and organic
impurities were removed by washing the aqueous layer with dichloromethane. Solvents
were removed under reduced pressure at room temperature and crude material was purified
from excess ligand by diafiltration using 10 kDa membrane with 50 volumes of nanopure
water. After lyophilization, the powdered material was obtained and characterized.

Truong et al. Page 3

Nanotoxicology. Author manuscript; available in PMC 2013 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Analytical procedures—Proton NMR spectra were collected at 25°C on a Varian Unity
Inova 300-MHz instrument in D2O. Chemical shifts are in δ units (ppm) with residual
solvent peak (D2O δ4.65) as the internal standard. Ultraviolet-visible (UV-Vis) spectra were
obtained on a Hewlett-Packard 8453 diode array instrument with a fixed slit width of 1 nm
using 1-cm quartz cuvettes. TEM images were collected at 300 kV with an FEI Titan using a
Cs aberration corrector. NP samples were prepared on amine-functionalized SMART grids
by soaking the grid in a dilute NP solution (0.2 mg/ml) and then in nanopure water for 2 min
each. The grid was then dried in the air.

Zebrafish
Exposure protocol—Adult Tropical 5D strain of zebrafish (Danio rerio) were kept at
standard laboratory conditions of 28°C on a 14-h light/10-h dark photoperiod in fish water
(FW) consisting of RO water supplemented with a commercially available salt solution
(0.6% Instant Ocean®). Zebrafish were housed and reared at Sinnhuber Aquatic Research
Laboratory at Oregon State University. Adult zebrafish were group-spawned and embryos
were collected and staged (Kimmel et al. 1995). To increase the bioavailability, at 4 hpf, the
chorion, an acellular envelope surrounding the embryo, was removed by pronase. Briefly,
embryos were placed in 25 ml of FW with 50 μl of 41 mg/ml pronase (Sigma-Aldrich, St.
Louis, MO) and gently agitated for 6.5 min; the water was decanted and replenished with
fresh FW for 10 min. Embryos were rested for 30 min prior to transferring into exposure
solution. After resting, dechorionated embryos were transferred to individual wells of a 96-
well plate with 100 μL of exposure solution (n = 16, three replicates). Exposures were static
and continued under standard laboratory conditions in sealed plates and kept in the dark
until 120 hpf. At 24 hpf, each individual embryo was scored for mortality and
developmental progression. By 120 hpf, each embryo was assessed for mortality, and 15
morphological malformations (Truong et al. 2010). The per cent of mortality and total
morbidity were calculated and graphed as the mean of three replicates with standard error
bars.

Exposure solutions—The 1.2-nm 3-MPA-AuNPs were suspended with varying ionic
concentrations of embryo media (EM); these solutions were used to create working solutions
with a concentration of 50 μg/ml. A Calipher Zephyr Liquid Handler was used to create
fivefold serial dilutions (0–50 μg/ml, five concentrations) for each ionic strength media in
96-well plates. Embryo media consisted of 15 mM NaCl, 0.5 mM KCl, 1 mM MgSO4, 0.15
mM KH2PO4, 0.05 mM Na2HPO4 and 0.7 mM NaHCO3 (Westerfield 2000). Six ionic
strength media were made by diluting 100% EM with RO water [0% (11 μS, 0.007 ppt),
0.16% (14 μS, 0.01 ppt), 0.8% (34 μS, 0.024 ppt), 4% (113 μS, 0.08 ppt), 20% (480 μS,
0.34 ppt) and 100% (2420 μS, 1.7 ppt) EM]. Since the buffering capacity of the solution
would be reduced at the lower ionic strength solutions, the pH of 1.2-nm 3-MPA-AuNPs
suspended in the various ionic concentrations was measured and did not vary more than 0.5
units from an average pH of 6.5.

Behaviour assay—Using Viewpoint LifeScience Zebrabox Quantization System,
behavioural responses were evaluated in exposed embryos prior to the toxicity assessment.
Prior to evaluation, embryos were acclimated to light for 20 min, after which the lights were
turned off (dark period) for 10 min, and then on for 5 min (light period). The output data
files were processed using a custom Perl script to average total movement (pixel changes per
second) for the dark period. Sixteen embryos were used per concentration and three
replicates were completed.

Statistics—All analyses were compiled using SigmaPlot 11 (SPSS, Inc., Chicago, IL,
USA). One-way ANOVA (p < 0.05) and Dunnett’s post hoc test were used to assess the
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mortality, morbidity and behavioural changes. Each exposure group for each concentration
consisted of 16 individual-exposed embryos (n = 16) and three replicates.

Results
Characterization of 1.2-nm 3-MPA-AuNPs

Each toxicological assessment was performed using the same parent batch of 1.2-nm 3-
MPA-AuNPs. After synthesis, characterization was completed to define the core size and
surface functionalization. TEM was used to calculate the average size of the NPs. Size
analysis (Figure 1A) revealed that the average particle diameter was 1.2 ± 0.3 nm (N = 399).
Proton NMR showed a broad peak at 2.4–4.2 ppm (Figure 1C) confirming that the 3-MPA
ligand (Figure 1B) was attached to the gold core and no impurities (which would appear as
sharp signals) were detected. Additionally, UV-Vis absorption spectroscopy was used to
confirm the core size and degree of agglomeration of 1.2-nm 3-MPA-AuNPs in nanopure
water (Figure 1D). These methods demonstrate that these AuNPs are free of molecular
impurities and are precisely engineered 1.2-nm gold particles functionalized with 3-MPA
ligands.

Embryo media causes the precipitation of 1.2-nm 3-MPA-AuNPs
Embryos were exposed to 1.2-nm 3-MPA-AuNPs suspended in 100% embryo media over a
fivefold concentration range (0.08–50 μg/ml) to determine whether the NPs elicited
mortality or whether they induced developmental malformations. Upon suspension of the
dried 1.2-nm 3-MPA-AuNPs, no precipitation was immediately visible. However, when the
embryos were assessed at 24 hpf, NP precipitants were detected on the bottom of the wells
and surrounding the animal. This exposure scenario continued until 120 hpf, when the
zebrafish were evaluated. We tracked the agglomeration state of 1.2-nm 3-MPA-AuNPs
using UV-Vis spectrum and found that, after 18 h, most of the AuNPs were no longer in
solution (Figure 2A). Under these conditions, exposure to 1.2-nm 3-MPA-AuNPs did not
increase mortality or malformations. However, at 50 μg/mL, 100% of the exposed embryos
lacked a touch response (data not shown). Although the NPs had agglomerated, they still
induced a subtle adverse biological response.

We took the approach to identify a dilution of embryo media (EM) with a level of ions that
could support a stable NP dispersion, which should favour an increase in NP bioavailability
throughout an extended exposure period. We evaluated NP agglomeration at the two highest
concentrations (10 and 50 μg/mL) over 6% of EM (0–100%). Absorbance was measured at
18 and 114 h, which corresponded to the time points when exposed zebrafish would be
evaluated for toxicological responses. As illustrated in Figure 2B, in 0% EM, the 1.2-nm 3-
MPA-AuNPs did not agglomerate. On the other hand, when 1.2-nm 3-MPA-AuNPs were
suspended in 100% EM, only 3% and 0.1% of the particles remained in suspension at 114 h,
at 10 and 50 μg/mL, respectively (Figure 2C). At concentrations between 4% and 100%
EM, there was a low percentage of dispersed 1.2-nm 3-MPA-AuNPs. With the decreased
ionic concentration, the amount of suspended AuNPs increased. At concentrations between
0% and 0.8% EM, the amount of dispersed AuNPs was typically >90%. This demonstrates
that the concentration of ions in the test media indeed plays a major role in the degree of 1.2-
nm 3-MPA-AuNPs agglomeration.

Dechorionated zebrafish embryos can tolerate low ion concentrations
Although embryonic zebrafish are sensitive to toxicants and well suited for mechanistic-
based toxicological studies, the importance of media ionic strength for embryonic
development in the absence of the chorion is unknown. To reveal the minimum ionic
strength required to support embryonic development, embryos were dechorionated and
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exposed to six different ion concentration media (fivefold serial dilution: 0, 0.16, 0.8, 4, 20,
100% EM in RO water) at 6 hpf. The initial assessments at 24 hpf revealed no differences
between the groups when scoring for mortality or changes in developmental progression. At
120 hpf, exposed embryos were evaluated for mortality and a full suite of complex
morphological endpoints. As Figure 3A illustrates, even at the lower concentrations of EM
(0–0.8%), the incidence of mortality and malformation at 120 hpf was not statistically
different. To determine whether varying ion concentration affected central nervous system
function, exposed embryos were assessed for motor activity in the dark using ViewPoint
LifeScience Zebralab. Larvae in 100% EM had a movement level of 5 pixels/s in the dark
(Figure 3B). At the lower concentrations (0% and 0.16% EM), there was only a modest and
not statistically significant decrease in pixels per second (~4). Visually, the embryos
exposed to 0% and 100% EM were morphologically indistinguishable (Figure 3C). These
studies indicate that dechorionated embryos can tolerate low ionic strength solutions and
develop normally to at least 120 hpf.

1.2 -nm 3-MPA-AuNPs developmental toxicity
To investigate whether the agglomeration of 1.2-nm 3-MPA-AuNPs was masking toxic
potential, the AuNPs were prepared at five concentrations (0–50 μg/mL) in various ionic
strength media. These solutions were then continuously and statically exposed to 6 hpf
dechorionated embryos until 120 hpf. As Figure 4A illustrates, at the higher ionic
concentrations (20–100% EM), there was little mortality and malformation above
background (<13%). This correlates well with the stability data showing that <20% of the
AuNPs was in solution by 120 hpf. For the other ion concentrations (0–4% EM), the per
cent of mortality and malformations increased as the ion concentration decreased. For each
ionic concentration, a dose-dependent increase in mortality and malformation was observed.
At 120 hpf, exposed embryos were assessed for behavioural abnormalities. Data generated
from dead or malformed embryos were removed prior to processing. At the higher ion
concentrations (4–100% EM), there were no statistically significant differences in the motor
activity level between the groups, while the lower concentration (0–0.8% EM) motor
deficits were significant at the higher NP concentrations (Figure 4B). Collectively, as the
ionic concentration decreased, more 1.2-nm 3-MPA-AuNPs remained in solution and there
was a corresponding increase in the per cent of mortality, malformation and behavioural
deficits in the exposed embryos.

Discussions
In this in vivo study, we report that dechorionated zebrafish embryos develop normally up to
120 hpf in low ionic strength medium. Furthermore, we report that the response to 1.2-nm 3-
MPA-AuNPs exposure is highly dependent on the medial constituents. When suspended in
high ionic strength medium, agglomeration occurs within 18 h and the AuNPs precipitate
and elicit little to no adverse biological responses. On the other hand, when suspended in
low ionic strength, the AuNPs remain dispersed in solution and induce significant morbidity
and mortality.

One potential explanation for the increased sensitivity to 1.2-nm 3-MPA-AuNPs in low
ionic strength solutions is that the low salt conditions lead to a general increase in embryonic
stress, and the changes in agglomeration state play little or no role in the differential
toxicological response. To directly address this possibility, we exposed embryonic zebrafish
to AuNPs with a 1.5-nm core and functionalized either with MES (2-
mercaptoethanesulfonic acid) or TMAT (2-mercapto-N,N,N-trimethylethanaminium).
Previous studies have demonstrated that these materials induce differential biological
responses in zebrafish, but they do not agglomerate over time in standard high ionic strength
medium (Harper et al. In press; Truong et al. (n.d)). When these particular NPs were
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suspended in RO water, the biological responses for 1.5-nm TMAT-AuNPs (unpublished
data) and MES-AuNPs (Supplemental Figure 1) were indistinguishable from the responses
observed when the particles were suspended in high ionic strength medium. This strongly
suggests that altering the medium’s ionic strength does not lead to a general stress response,
and the increase in 1.2-nm 3-MPA-AuNPs toxicity is attributed to changes in the particle
properties themselves. The embryo media used for most embryonic zebrafish toxicity
studies typically contains high concentrations of divalent ions, and these ions are known to
lead to NPs agglomeration and produce complex particle behaviours (Saleh et al. 2008; Liu
et al. 2009). By diluting the EM with RO water, we found that ion concentration of media
influenced agglomeration rate, which is consistent with what was found for cell culture (Jin
et al. 2010) and other media (Elimelech & Omelia 1990). When NPs agglomerate, their
dissolution is impacted. Agglomeration of silver NP causes dissolution rate to be reduced,
but this is highly dependent on the electrolytes and its concentration in the media (Li et al.
2010). The number of available particles is drastically different when solutions are
monodispersed versus clustering together. When NPs agglomerate, this effectively changes
the surface area to volume ratio. Particle surface area is a major player in NP-induced
toxicity. For example, particle surface area was the principle driver in producing differential
gene expression changes than was particle mass or number in alveolar macrophages (Waters
et al. 2009). Cytotoxicity is also induced by iron oxide in a surface area-dependent manner
(Ying & Hwang 2010). When NPs agglomerate, there is a wide distribution of sizes
produced. It is currently impossible to understand what fractional agglomerate size is
responsible for producing a biological response. In a recent study, cytotoxicity was size-
dependent when exposed to 0.8–15 nm gold NPs (Pan et al. 2007) and 5, 20 and 50 nm
silver NPs (Liu et al. 2010) where the smaller NPs were more toxic than their larger
counterpart. Gold and silver NPs regulate membrane receptor internalization in a size-
dependent manner (Jiang et al. 2008). These studies suggest that particle size influences the
biological response. So effectively, agglomeration of NP causes a change in concentration,
dissolution, surface area and particle size, which ultimately results in complex differential
responses.

We found, for the first time, that dechorionated embryos develop morphologically normal
and display normal CNS function up to at least 120 hpf when raised in RO water. These
findings will provide new opportunities to exploit embryonic zebrafish to identify the
physicochemical NP properties that are important to produce specific biological responses.
With this flexibility, we can now adapt the testing model to conditions ideal for the NPs
rather than the other way around. For example, researchers are routinely adding agents to the
NP solutions that favour dispersion, but after addition of these agents, the NP surface
properties are drastically changed. Although these coating agents help to disperse NPs in
aqueous media, the addition of capping agents at the very least complicates the
interpretation of toxicological response data with the added variability.

In summary, since embryonic and larval zebrafish can tolerate wide ranges of ionic strength,
we recommend an approach where initial NP agglomeration studies are performed under
multiple ionic strengths covering the exposure duration. Adjusting the assay to match
optimal dispersion conditions will enhance bioavailability and thus increase assay
sensitivity. Controlling agglomeration without the addition of arbitrary capping agents will
allow the assessment of a more broad range of NPs and move us one step closer to
identifying the key physicochemical NP properties that drive specific biological responses.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Transmission electron microscopy (TEM) image of 1.2-nm 3-MPA-AuNPs with a scale
bar of 20 nm. Analysis of 399 individual particles yields an average particle core size of 1.2
± 0.3 nm. (B) Structure of AuNPs with 3-MPA ligands. (C) 1HNMR analysis demonstrating
that the 3-MPA is attached to the surface of the nanoparticle. Impurities, if present would
lead to sharp signals at <4 ppm chemical shift. The sharp signals at higher than 4 ppm are
due to the NMR measurement solvent. (D) UV-visible spectrum of 1.2-nm 3-MPA-AuNPs
dissolved in nanopure water.
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Figure 2.
Stability of solutions of 1.2-nm 3-MPA-AuNPs at 50 μg/ml in (A) 100% embryo media
(EM) and (b) 0% EM at 0, 18 and 114 h using UV-Vis spectrum. The decrease in
absorbance across the spectra to zero in (A) indicates complete loss of nanoparticles from
solution, as opposed (B) where essentially no loss of particles is observed. (C) Table of
nanoparticles that remain in solution at both 10 and 50 μg/ml over time when suspended in
varying concentration of embryo media.
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Figure 3.
Embryos were dechorionated and exposed to various percentage of embryo media (0%,
0.16%, 0.8%, 4%, 20%, and 100%) exhibited low mortality and malformation (A). Exposed
120 h post-fertilization (hpf) embryos did not exhibit a statistically significant change in
behaviour (B). Images were taken of embryos exposed to 0% and 100% EM at 120 hpf (C).
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Figure 4.
Dechorionated embryos were exposed to five concentrations of 1.2-nm 3-MPA-AuNPs and
six different solutions with varying ionic concentrations. As the ionic concentration
decreased, mortality and malformations increased (A). Surviving embryos at 120 hpf were
assessed for behavioural effects. Similarly, the lower concentrations (0–0.8%) caused
behavioural changes at higher concentration, while the higher ionic concentrations (4–
100%) did not (B). Significance was determined using one-way ANOVA and a Dunnett’s
post hoc test (p < 0.05).
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