
Abstract: Toxicity of gold nanoparticles (AuNPs) on zebrafish 
development is a rather controversial aspect in literature, and the 
investigation of the bulk material has not been considered yet, even 
though it is generally required. Therefore, we investigated the 
potential adverse effects of AuNPs and soluble gold on zebrafish 
embryos, while trying to find a rationale for gold nanoparticle 
toxicity. For such a purpose, uncoated and coated with hyaluronic 
acid AuNPs (12.8 ± 1.6 nm, TEM) and the bulk material (HAuCl4) 
were tested for their toxicity in zebrafish embryos. Results showed 
that the AuNPs were non-toxic for the zebrafish development during 
exposure (0-48h). Soluble gold (HAuCl4) was lethal at > 64.1 mg/L. 
At sublethal concentrations (48.1-0.7 mg/L) HAuCl4 did not alter 
embryo development, spontaneous movements or heartbeat rate, but 
the hatching ability was affected at > 5.7 mg/L, resulting in a NOAEC 
of 2.7 mg/L. According to our data and others found in scientific 
literature, it can be concluded that surface charge and, to a lesser 
extent, the size of the gold nanoparticles are key factors to explain 
toxicity of gold nanoparticles. Our results also confirmed that this 
model is suitable for studying nanoparticle toxicity, although the 
nanoparticles themselves should be fully characterised before and 
during the toxicity test.
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Resumen: Efectos letales y subletales de nanopartículas y 
material soluble de oro en el desarrollo de embriones de pez 
cebra. La toxicidad de las nanopartículas de oro (AuNP) en el 
desarrollo de pez cebra resulta un tanto controvertida, ya que algunos 
autores demuestran su inocuidad, mientras que otros autores 
advierten de la presencia de efectos tóxicos. Por otro lado, la 
toxicidad del material base de la AuNP en solución aún no se ha 
investigado, aunque generalmente se requiera. Por consiguiente, el 
objetivo de este estudio fue investigar los efectos de la exposición de 
AuNP y el oro soluble en embriones de pez cebra, aportando 
reflexiones sobre la toxicidad de AuNP. Para ello, se llevaron a cabo 
ensayos toxicológicos en embriones de pez cebra con AuNP sin 
recubrimiento y recubiertas con ácido hialurónico (12,8 ± 1,6 nm, 
TEM), así como el material base (HAuCl ) de dichas AuNP. Los 4

resultados demuestran que las AuNP no fueron tóxicas durante las 
primeras fases del desarrollo de los embriones (0-48 h). Por otro lado, 
el HAuCl  resultó ser letal a concentraciones > 64,1 mg/L. A 4

concentraciones subletales (48,1-0,7 mg/L), el HAuCl no alteró el 4 

desarrollo ni la actividad motora o cardiaca, aunque redujo 
notablemente la capacidad de eclosión a > 5.7 mg/L, situándose el 
NOAEC en 2,7 mg/L. Teniendo en cuenta nuestros resultados y los 
encontrados por otros autores, se puede concluir que la superficie de 
carga y en menor medida el tamaño de las AuNP resultaron ser los 

factores clave para explicar la toxicidad de la AuNP. Nuestros 
resultados también confirmaron que este modelo, con embriones de 
pez cebra, es adecuado para el estudio de toxicidad de las 
nanopartículas, siempre y cuando éstas estén completamente 
caracterizadas antes y durante el ensayo de toxicidad.

Palabras clave: embriones de pez cebra, oro, nanopartículas, 
toxicidad

Introduction

The synthesis of nanoparticles (NPs) has increased steadily in recent 
years. However, while their advantages in the fields of engineering 
and medicine are well studied and established, much less is known 
about the potential adverse effects that the use of NPs can pose to the 
environment and human health. Indeed, the debate about how to 
address the risks associated with the use of nanoparticles is still 
ongoing [1-4]. 

Gold nanoparticles are possibly the most widely studied NPs due to 
their large number of potential applications. Thus, gold NPs (Au-
NPs) are used in drug delivery [5], therapy [6], biosensing [7] and as 
contrast agents for cell imaging [8]. However, although their 
physicochemical parameters, such as size, shape, surface 
modification and monodispersity are generally well understood, the 
toxicology data required to gain a clear idea of the toxicity of Au-NPs 
are still being generated. In fact, toxicity studies with gold NPs in 
ecological organisms have produced different results. So, while some 
authors reported of lethal and developmental effects [9-12], such 
adverse effects were not evidenced by other authors [13-15].

Nanoparticle toxicity divergence relies on the special 
physicochemical properties, such as particle size, surface area, 
surface functionality and electromagnetic properties that make them 
behave differently to other chemicals in solution [16, 17]. 
Furthermore, other variables such as NP solubilisation and stability in 
the media as well as the incorporation of vehicles, solvents and 
impurities into NP media add further uncertainties to the evaluation of 
NP toxicity [18-22]. 

Since specific protocols for every new nanomaterial (with potentially 
infinite combinations of surface chemistry and/or shapes) is not a 
practical proposition for hazard assessment. Instead, the European 
network of scientists studying health and safety aspects of 
nanoparticles advocates a more rational scientific approach, where 
the properties of nanomaterials are critically considered with respect 
to test method execution, and where common properties emerge for 
different manufactured nanomaterials [23]. In addition, this 
European network still considers necessary to obtain more data on 
toxicity of nanoparticles under standardized or alternative tests, in * e-mail: jesuspgc/isciii.es
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order to clarify the toxicological mechanisms of nanoparticles.

In this sense, the zebrafish embryo model is a good candidate since it 
has substantially been incorporated into the toxicity study of 
chemicals over the past two decades [24, 25]. Zebrafish have many 
intrinsic advantages, providing also new advantages to the study of 
toxicity [26, 27]. Thus, due to the transparency of the chorion, it is 
possible to observe malformations and deviations from normal 
development in a relatively short period of time (the organs are 
developed within 72 h) [28]. Furthermore, they can be developed in 
multi-plate wells, thereby reducing the volume of potentially toxic 
compound required (200 µL–10 mL) [25]. Moreover, in the past few 
years, various research groups have studied and implemented new 
toxicological endpoints, thereby providing new methodological tools 
for understanding the toxicity mechanisms of chemicals [29-33] and 
NP suspensions [34-37].  

Taking into account various aspects such as the divergence of 
toxicological results cited in the literature with respect to the AuNPs, 
the need for additional toxicity data and a more holistic explanation of 
the toxicity of AuNPs, we decided to conduct a toxicology study in 
zebrafish embryos following a standard procedure, and considering 
all the recommendations for nanoparticle characterization [38]. 
Hence, we studied the toxicity of AuNPs (uncoated and 
functionalised NPs), their vehicle (citrate buffer) and bulk material 
(gold chloride) in zebrafish embryos, regarding their lethal, 
developmental and sub-lethal effects. The data here provided will 
contribute to understand the specific toxicity of the gold NPs, their 
vehicles and the potential effects of the soluble gold itself when 
produced via biodegradation.

Materials and methods 

Materials

Gold (III) chloride trihydrate (HAuCl ·3H O; ref. 520918, batch 4 2

40398PJ, purity >99.9%) and citrate buffer (powder, batch 
028k0067) were obtained from Sigma-Aldrich. 

Potassium dichromate (batch 82403G, 99.94% purity) was obtained 
from Merck. 

The dilution water was prepared according to UNE-EN ISO 7346-
1:1996 [39]. In order to decrease the hardness of the water to prevent 
the salt concentration resulting in nanoparticle deposition, the 
dilution water was further diluted 1:4 with deionised water to prepare 
the egg medium. Thus, the egg medium contained 20 mM CaCl , 5 2

mM MgSO , 7.7 mM NaHCO  and 0.75 mM KCl, pH 7.4 ± 0.05, 4 3

dissolved oxygen 7.2 ± 0.9 mg/L, conductivity 303.6 ± 86.4, total 
hardness < 53.4 mg/L (as CaCO3), temperature: 28.5 ± 0.4ºC.

The soluble salt HAuCl ·3H O was dissolved in egg medium and the 4 2

solution adjusted to a pH of around 8. A total of 14 assay 
concentrations were then prepared in the range 0.7–85.9 mg/L 
HAuCl . These concentrations were selected on the basis of the 4

results obtained in a range-finding study. 

Citrate buffer was prepared by dissolving the buffer in egg medium to 
a final test concentration of 2.2 mM.

The nanoparticles (NPs) studied were suspensions of both non-
functionalised and hyaluronic acid (HA)-functionalised gold 
nanoparticles (HA-Au-NPs) in citrate buffer provided by Endor 
Nanotech S.L. Citrate-stabilised Au-NPs were prepared following 
the standard methodology described by Turkevick et al. [40]. In brief, 

sodium citrate was dissolved in water, heated to boiling and a 
HAuCl ·3H O solution added whilst stirring vigorously. The reaction 4 2

solution was maintained at boiling temperature for a further 3-5 
minutes before being left to cool to room temperature. Functionalised 
Au-NPs were prepared according to Lee et al. [41]; the Au-NP 
suspension was mixed with modified OligoHA (5 kDa), and the 
mixture stirred at room temperature for one hour.

In contrast to chemicals in aquatic media, some NPs do not appear to 
show a precise relationship between NP concentration, expressed as 
weight or weight/volume concentration, and toxicity in organisms 
subject to bioassays. Thus, Browning et al. [11] consider it more 
appropriate to relate the effects observed in bioassays with the molar 
concentration of Au nanoparticles, calculated on the basis of the 
number of nanoparticles (see also Xhu et al. [42]).

The NPs were concentrated to a molar concentration of 96.62 nM Au-
NPs (5.1 mM Au) and transported to the laboratory. The test 
solutions/suspensions were prepared the same day of the experiment 
by diluting the NP suspensions in egg medium to attain final nominal 

concentrations of 9.6 nM Au-NPs (≈100 mg/L Au) and 1.9 nM Au-

NPs (≈20 mg/L Au). 

Characterization of the gold nanoparticles in the test medium 

The stability of the gold nanoparticles included in the test 
solutions/suspensions were assessed by UV-VIS (UV-2501 PC, UV-
VIS recording Spectrophotometer Shimadzu®) and Dynamic Light 
Scattering (Zetasizer serie nano, Malvern®). The AuNPs size/shape 
was evaluated by TEM (JEOL 1010 with 80KW). The 
characterization was done at 0, 24 and 48h after the addition of the 
gold nanoparticles into the egg medium. 

Physicochemical parameters of the test solutions

The physicochemical properties of the test solutions were evaluated 
to obtain additional information regarding the toxicity test. Thus, the 
temperature, pH, conductivity and oxygen content of the test 
solutions were assessed using the respective probes from Orion 
Research Inc (USA), and total hardness was measured using a 
standard kit (GH test; JBL GmbH & Co Kg, Germany) at time 0 h and 
at the end of the exposure time (48 h). In addition, the NP suspensions 
in egg medium were collected at time 0 h, 24 h and 48 h to evaluate 
nanoparticle size and stability. 

Fish husbandry and embryo collection

Wild-type zebrafish progenitors (AB strain from ZIRC), kindly 
donated by Centro Nacional de Investigaciones Cardiovasculares, 
were maintained in our laboratory under standard conditions of 26ºC 
on a 14/10 h dark/light photoperiod in a recirculation system for at 
least four months. Fish water was prepared according to EN ISO 
7346-1 [39]. Fish were fed twice a day with commercial diet (Tropical 
Flake®) obtained from Zeigler Bros, Inc., and this diet was 
complemented every two days with living daphnia magna. 

One day before the toxicity experiment, parent animals were 
separated from the rest and caged in tanks (one female and two males) 
overnight. Spawning was induced when the light was turned on the 
following morning. 

Waterborne exposure of zebrafish embryos to colloidal 
nanoparticles, soluble Au and citrate buffer

The zebrafish eggs, staged at 4–8 cells, were exposed to the test 
suspensions/solutions in glass Petri dishes [43] and immediately 
transferred into 96-well polystyrene plates with 200 µL solution/NPs 
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suspension and 1 embryo per well. This procedure allows the volume 
of the test substance to be reduced considerably without any effect on 
zebrafish development. The plates were then incubated in a climate 
chamber at 28.5ºC with a 14/10 h light/darkness cycle and for 48 h 
w i t h o u t  m e d i u m  r e n e w a l .  Tw o  e x p o s u r e s  w i t h  6 4 
embryos/concentration each were conducted (n= 128). 

At the end of the exposure, embryos of the same concentration were 
placed in one well of a six-well plates and washed three times (1/2 h 
between washes) with egg medium to discard dosing solutions. 
Negative control groups were exposed to egg medium and qualitative 
control groups were exposed to a solution of 177 mg/L potassium 
dichromate in egg medium. 

Toxicological endpoints evaluated in the zebrafish embryos

Mortality and developmental effects were assessed in zebrafish 
embryos at 3, 10, 24 and 48 h after exposure to the test solutions. For 
spontaneous movement assessment, one-minute videos were taken of 
acclimatised embryos (28.5ºC) at 24 h development, and then 
evaluated by visual counting according to García-Cambero et al. [44]. 
To evaluate heartbeats, 10-second videos of acclimatised embryos 
(25ºC) were recorded between 51 and 53 h, and the heartbeats 
subsequently counted visually [44]. Hatching was evaluated by 
visual inspection of the zebrafish embryos from 48h to 55 h of embryo 
development; the observation time was extended to 144 h for 
zebrafish embryos exposed to the soluble gold salt.

Data analysis

Statistical analysis was performed using the statistical package SPSS 
15.0 for Windows. Data from the two exposures were mixed and 
presented as the average ± SD. Mean hatching time was assessed 
using the Wilcoxon–Lichtfield test to give the HT  and HT  with 50 84

95% CI. The data were tested for homogeneity and normality. As 
these assumptions were met, one-way analysis of variance (ANOVA) 
was performed. The significance level was set at p<0.05.

Results

Nanoparticle shape, size and stability in the test medium 

As described in the experimental section, the gold nanoparticles were 
initially provided by Endor Nanotechnologies as suspensions in 
citrate buffer. Initial NP characterization showed that both NPs were 
rounded with a size, as measured by TEM, of 12.8 ± 1.6 nm (Figure 1, 
1A and 2A). 

It is important to clarify that the size and shape of the NPs did not 
change upon addition to egg medium or during the exposure time 
(Figure 1; images 1B and 1C). However, it is well known that some 
NPs can agglomerate upon inclusion/dissolution in the test medium. 
This was the case of the uncoated gold NPs, which agglomerated 
immediately after inclusion in the test medium (Figure 1, 1B) and 
during exposure (Figure 1, 1C). In contrast, the functionalised Au-
NPs remained dispersed in the egg medium solution and did not 
aggregate during the exposure time (Figure 1, 2B, 2C).  

It is often more informative to measure the hydrodynamic size of NPs 
rather than their physical size [45]. Thus, after addition of Au-NPs to 
the egg medium, uncoated Au-NPs showed a hydrodynamic diameter 
of 80.5 nm (0 h) that changed to an average of 151.2 nm at the end of 
the exposure time (48 h). HA-Au-NPs showed a similar initial 
hydrodynamic size (84.1 nm, diameter) at the beginning or at the end 
of exposure time (48 h) (Figure 2).

The stability of the Au-NPs in the test media was assessed by UV-Vis 
absorption spectra; the absorption spectra of the Au-NPs at 0 and 48 h 
can be seen in Fig 3. These data suggest that while the functionalised 
Au-NPs remained stable in the test media, with a maximum peak at 
527–528 nm, the uncoated Au-NPs were not stable and tended to 
agglomerate after immersion in the test medium. This process shifted 
the maximum absorption spectra from 527–528 nm to 667–670 nm 
(Figure 3). 

Physicochemical characteristics of the test medium and quality 
parameters

The physicochemical characteristics of the test medium were 
appropriate for the normal development of zebrafish embryo, 
according to the criteria established in European guidelines for 
performing toxicity tests with fish embryos [43]. However, these 
criteria were not fully adopted for the two highest HAuCl  4

concentrations, for which the pH was below the trigger value of 6.5 
proposed in the draft guideline. The mean values are reflected in 
Table 1.

As one of the apical toxicological endpoints was the evaluation of 
mortality, quality controls were added for each experiment. Although 
our quality control group was exposed to a solution of potassium 
dichromate instead of an NP suspension, the expected results allowed 
us to check the system variables indirectly. Thus, the mortality 
associated with potassium dichromate in the mortality experiments 
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Figure 1. Transmission Electron Microscopy micrographs of non-
functionalised (No. 1) and functionalised gold nanoparticles (No. 2) 
in citrate buffer (A) and in the test medium at 0h (B) and 48h (C). 

Figure 2. Determination of gold nanoparticle size after addition to the 
test medium by Dynamic Light Scattering. A, B) Non-functionalised 
gold nanoparticles at 0h and 48 h post-exposure, respectively. C, D) 
Functionalised gold nanoparticles at 0h and 48 h post-exposure, 
respectively.
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concurrent with nanoparticle/soluble gold exposure tests was an 
average of 51.5 ± 4.1%.  

Toxicity of gold nanoparticles to zebrafish embryos 

Zebrafish embryos exposed to both 1.9 and 9.6 nM Au-NP solutions 
showed no mortality during the exposure period (first 48 h of 
development). Embryos exposed to uncoated gold nanoparticles 
showed NP aggregates attached to the chorion (Figure 4) and 
precipitated at the bottom of the well, whereas coated gold 
nanoparticles did not appear to precipitate during the experiment.

The morphological development was first assessed at eight hours and 
thereafter at 24 h intervals until the end of study (51 h). The 
development of the exposed zebrafish embryos was comparable with 
those in the control group. Similar results were obtained for embryos 
exposed to both uncoated and coated Au-NPs at concentrations of 1.9 
and 9.6 nM. The other sub-lethal effects evaluated, such as the 
number of spontaneous movements, heart rate and hatching, were 
also similar to those of the control group (Tables 2, 3 and 4). 

Toxicity of the soluble gold salt for zebrafish embryos 

Exposure to a buffered solution of HAuCl  produced mortality at the 4

two highest concentrations (85.6 and 64.1 mg/L); although no effects 
were observed at lower concentrations (see Table 5). The NOEC 
(48h) for mortality was therefore considered to be 48.1 mg/L for 
HAuCl  under these assay conditions. It should be noted, however, 4

that the pH values at lethal concentrations were lower than the trigger 
value of 6.5, and the Material Safety Data Sheet for HAuCl  4

highlights the corrosive/irritant properties of this salt in solution. 

Mortality was evidenced basically by embryo coagulation at 

concentrations >64.1 mg/L HAuCl , and the embryos were especially 4

sensitive during the period 8–24 hours postfertilization (hpf). 

Before death occurred, embryos exposed at the two higher 
concentrations showed chorionic membrane disruption, probably 
due to the irritant/corrosive effect of the HAuCl  solution (Figure 5). 4

In addition, live embryos exposed to HAuCl  at all concentrations 4

showed deposits of unknown nature inside the chorion.

The other sub-lethal parameters (Materials and Methods section) 
were evaluated for those embryos exposed to non-lethal 
concentrations. Thus, embryos exposed to <48.1 mg/L HAuCl  did 4

not show malformations at the visual inspection. At 24 h 
development, live embryos were evaluated for spontaneous 
movements, and it can be seen from Table II that the average number 
of spontaneous movements was not statistically significantly 
different with respect to the controls. Similarly, the heart rate 
appeared to be unaffected by exposure to HAuCl , even at the highest 4

concentration of 48.1 mg/L.

Soluble HAuCl  had a noticeable negative effect on embryo hatching 4

at concentrations > 1.6 mg/L, whereas concentrations higher than 
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Figure 3. Representative UV-Vis absorption spectra of non-
functionalised (Au-NP) and functionalised (HA-Au-NP) gold 
nanoparticles suspended in zebrafish egg medium at 0h (continuous 
line) and 48 h (dotted line). Figure 4. Embryos (24 hpf) exposed to gold nanoparticles 

functionalised with hyaluronic acid (A) or uncoated gold 
nanoparticles (B) 
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10.3 mg/L inhibited hatching completely (Table 6). Not only the HT  84

at 5.2 mg/L was delayed, but about 28% of embryos did not hatch at 
the end of the observation period (80hpf) or at the end of the 
experiment (144h). By contrast, lower concentrations (< 2.7 mg/L 
HAuCl )showed a delayed hatching time; however, they were able to 4  

hatch at the end of the recording period (48-80hpf).  These findings 
suggest an LOAEC for hatching of 5.2 mg/L HAuCl  and an NOAEC 4

for hatching of 2.7 mg/L HAuCl .4

Toxicity of citrate buffer to zebrafish embryos 

We performed a concurrent experiment to assess the mortality and 
morphological alterations in zebrafish embryos exposed to citrate 
buffer as the vehicle in which gold nanoparticles are suspended. Thus, 
exposure to citrate buffer at 2.2 mM did not produced lethality, 
malformations or developmental delay in the zebrafish embryos. In 
addition, citrate buffer did not altered the spontaneous movements, 
heart rate or hatching of zebrafish embryos at the concentrations 
tested (see Tables 2, 3 and 4).   
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Table 2. Spontaneous movements (tail coilings) in zebrafish embryos 
at 24 hpf

Table 3. Heartbeats (beats/10 sec) in zebrafish embryos at 52 hpf

Table 4. Percentage of hatching in zebrafish embryos at 55 h 
development

Figure 5. Effects of gold (III) chloride trihydrate on the chorion. A: 
inner membrane detached by 3hpf; B: inner deposits in live embryos 
dosed at 26.2 mg/L gold (III) chloride trihydrate.  
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Discussion

It is generally agreed that gold nanoparticles are either non-toxic or 
show low toxicity in biological systems [46, 47]. Indeed, our results 
confirm that gold nanoparticles are biocompatible with zebrafish 
embryos. In this sense, concentrations as high as 9.6 nM of Au-NPs 
(500 µM colloidal Au) did not produced mortality or adverse effects 
on development during the first 48 hp. Furthermore, other sub-lethal 
parameters such as spontaneous movements, heart rate and hatching 
ability remained unaffected by the presence of Au-NPs in the 
medium. 

In agreement with our results, other authors have found little or no 
toxicity of gold nanoparticles towards zebrafish embryos [13, 15]. In 
contrast, Browning et al. [11] found mortality and developmental 
effects after 120 h of exposure to uncoated Au-NPs (11.6 ± 0.9 nm) at 

concentrations ranging from 0.025 to 1.20 nM; however, 
malformations were not dose-related but showed a stochastic effect. 

It is clear that the surface functionalization, and to a lesser extent the 
size of Au-NPs are decisive factors that influences Au-NP toxicity 
[48]. Harper et al. [9] tested gold NPs of two core sizes (0.8 and 1.5 
nm) with either neutral [2-(2-mercaptoethoxy) ethanol (MEE)], 
positively charged [N,N,N-trimethylammonium ethanethiol 
(TMAT)] or negatively charged [2-mercaptoethanesulfonate (MES)] 
surface groups in order to investigate the influence of size and surface 
functionalisation on toxic potential. The results showed that surface 
functionalisation had a marked effect on toxicity. Thus, positively 
charged TMAT-coated Au-NPs resulted in significantly higher 
toxicity than negatively charged particles, whereas neutral particles 
exhibited no toxicity. The TMAT-functionalised Au-NPs caused a 
significant increase in mortality (ca. 30%) at concentrations above 10 

-1mg/L for 1.5-nm particles and 400 ng L  (ca. 25% mortality) for 0.8-
nm particles, thereby also indicating that Au-NP size also contributes 
to the toxicity. Similar conclusions were more recently obtained by 
Truong et al. [48] 

Interestingly, results in other biological systems (bacteria, 
mammalian cells and mammals) suggested that cationic particles are 
generally toxic at much lower concentrations than their anionic 
counterparts [49, 50]. In our study, the non-functionalised and 
functionalised Au-NPs showed a weak negative charge (Z potential 
between –65 and –70 mV and between –37 and –40 mV, 
respectively), thus providing a reasonable explanation for the 
absence of toxicity of the Au-NPs tested in our experiment.

Another important aspect that contributes to the toxicity of Au-NPs is 
the stability of the test suspensions. In this sense, NP stability in the 
physiological media is mainly influenced by the NP concentration, 
functionalisation and size, and the composition of the test media. 

The uncoated Au-NPs used in our experiment aggregated. The initial 
concentration tested in our experiments (9.6 nM of Au-NPs, 
equivalent to 500 µM of cgold) was slightly higher than those tested 
in literature [13, 11], and even though Au-NPs were subsequently 
tested at a lower concentration of 1.9 nM Au-NP (100 µM of cgold), 
they precipitated as well. It therefore seems that other factors, such as 
the composition of the medium could influence NP agglomeration. 

In this sense, it is known that both mono- and divalent salts such as 
NaCl, MgCl  and CaCl  induce the aggregation of Au-NPs [51, 20], 2 2

and the egg medium used in our experiment contained sufficient 
mono- and divalent salts as to trigger NP aggregation [20]. In 
addition, the uncoated Au-NPs were negatively charged and were 
therefore readily accessible to the cations contained in the egg 
medium. In contrast, the functionalised Au-NPs were coated with 
hya lu ron ic  ac id ,  which  i s  a  re la t ive ly  ine r t  v i scous 
mucopolysaccharide that confers a weak negative charge near 
neutrality to the Au-NPs and, consequently, higher stability in the test 
media. Therefore, the Au-NP concentration, their surface charge and 
the salt concentration in the egg medium all induced NP interaction, 
agglomeration and finally precipitation of the uncoated Au-NPs.

Residual chemicals from the synthesis of Au-NPs should always be 
explored in toxicity studies, although it seems that the Au-NPs 
synthesis process is rather safe. Our results confirmed that the citrate 
buffer was not toxic to zebrafish development at 2.2 mM, at least as 
far as the endpoints described in this study were concerned.

Soluble gold in the form of HAuCl4 was found to be lethal at >64.1 
mg/L. However, the mortality at 85.9 and 64.1 mg/L could also be 
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Table 5. Accumulated mortality (%) in embryos exposed to soluble 
gold for 48h

Table 6. HT  or HT  (Time at which 50% or 84% of the population 50 84

hatched) in embryos exposed to soluble gold
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attributed to certain corrosive/irritant effect of the acidic solutions, 
since the initial pH could not achieve the optimum pH value of 6.5 
[43, 52-54]. At concentrations <48.1 mg/L, soluble gold did not 
produced mortality in zebrafish embryos in our study; therefore the 
NOEC (48h) for mortality was established as 48.1 mg/L HAuCl4.

Live embryos exposed to >14.6 mg/L HAuCl  showed a higher mean 4

number of spontaneous movements than controls and other groups, 
although this difference was not statistically significant. Huang et al. 
[55] and Fraysse et al. [30] measured the number of spontaneous 
movements during normal development at 28.5ºC and found that the 
embryos showed an average of four mov / minute at 24hpf, which is 
coincident with our results at the time we measured spontaneous 
movements. Soluble gold does not therefore appear to affect this 
parameter. In a similar manner, the mean heart rate was not affected 
by treatment with HAuCl  up to 48.1 mg/L. 4

The most marked effect in the development of those embryos exposed 
to HAuCl  was their failure to hatch. A more detailed evaluation of 4

this effect with an independent experiment showed that the LOAEC 
(80 h) for hatching delay/inhibition was situated at 5.2 mg/L HAuCl . 4

Moreover, a higher concentration (10.3 mg/L HAuCl ) inhibited 4

hatching even when the observation period was extended to 144 h. 
The most sensitive adverse effect for zebrafish embryos exposed to 
soluble HAuCl  was therefore the inhibition of hatching, with an 4

NOAEC of 2.7 mg/L HAuCl . 4

In order to obtain reliable results, we carried out acute toxicity tests 
according to standard European guidelines [43]. Indeed, evaluation 
of the physicochemical parameters of the test media gave satisfactory 
results for normal test performance. In addition, the quality control 
group, which was exposed to 177 mg/L potassium dichromate, 
showed mortality figures in the range of historical control data (10 
assays) obtained in our laboratory (53.9 ± 7.4; reproducibility in 
terms of CV=13.7%). Although this quality control group has little 
relevance to nanoparticle toxicity, it is very important to have this 
additional quality control group to verify that the assay is performed 
correctly. In this sense, despite the well explained protocols 
applicable to zebrafish embryo exposure, we have found that slight 
variations in the process, such as cleaning, handling, selection (above 
all) and exposure of zebrafish eggs to chemicals, can alter the 
percentage of mortality, indicating variability in the assay 
performance. 

In conclusion, our study has clearly demonstrated that both non-
functionalised and functionalised gold nanoparticles (10–15 nm) 
have no adverse effects on zebrafish development at concentrations 
as high as 9.6 nM (500 µM Au) during the first 48 h of development. 
The citrate buffer in which the NPs are immersed does not result in 
additional toxicity. The main reason for these observations is 
probably the essentially neutral charge of the gold nanoparticles 
tested. Non-functionalised Au-NPs were found to aggregate in the 
test media, whereas Au-NPs coated with inert organic layers, such as 
hyaluronic acid, remained stable, which is decisive to ensure 
reproducible results in other toxicity assays. 

As was the case for Au-NPs, soluble gold was not lethal for zebrafish 
embryos up to a concentration of 48.1 mg/L HAuCl . Sub-lethal 4

effects, such as spontaneous movements and heart rate, were not 
affected by treatment with HAuCl . Nevertheless, the hatching ability 4

was compromised by treatment with soluble HAuCl , with an NOEC 4

(80h) of 2.7 mg/L HAuCl , although a synergic effect of the low 4

solution pH cannot be ruled out.  

Finally, the analysis of studies to assess the toxicity of gold 

nanoparticles towards zebrafish embryos has allowed us to conclude 
that the stability of Au-NPs in the test media, together with their 
functional groups and size, play a crucial role in designing toxicity 
studies and the subsequent explanation of any toxicity detected. In 
addition, it is of special interest to try to quantify the embryo exposure 
and, if toxicity is found, to test the residual chemicals used during 
synthesis of the gold nanoparticle.
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