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There are currently more than 1000 consumer products based on nanomaterials.[1] As a
consequence, nanomaterials will inevitably be released into the environment during the
manufacture, use, and disposal of these products. Consequently, multiple concerns related to
unforeseen health and environmental hazards of nanomaterials have been raised.[2] Many
studies on the environmental fate, behavior, bioavailability and toxicity of manufactured
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nanomaterials have been carried out to address what these hazards might be, but the results
are far from conclusive.[3] Currently, carbon-based materials (e.g. fullerenes[4] and carbon
nanotubes[4c,5]), metal and metal oxides (e.g. silver[6] and TiO,[7]) and semiconductor
materials (e.g. quantum dots[8]) are the most studied nanomaterials. Investigations show
that nanomaterial size,[6,9] shape,[9] surface chemistry,[4b,10] and surface area[11] all play
a role in determining the toxicity of nanomaterials in model biological and environmental
systems.[3a] For example, Chan et al.[9] has demonstrated the size dependence of cellular
uptake, and our group[10b] has shown the role of surface charge on uptake.

Many nanomaterials do not have well-defined and well-characterized physical or chemical
properties either in the pure form or once added to the systems of interest. As an example,
when zebrafish embryos are exposed to silver NPs, Ag ions are released, and this leads to
toxic effects that are not necessarily NP related.[6] Such instances challenge efforts to
evaluate the roles of physical and chemical properties on the environmental impact of
manufactured nanomaterials. Here, we use monolayer-protected gold NPs (AuNPs) as a tool
for understanding the influence of surface properties on the environmental impact of
nanomaterials. AuNPs have several attributes that make them excellent environmental
probes. First, AUNPs can be readily fabricated with controllable sizes ranging from 1 nm to
> 100 nm. Second, Au is not a biologically essential element and hence has a low
environmental background, allowing facile detection in biological and environmental
matrices at concentrations as low as 10 ppt (parts-per-trillion) using inductively coupled
plasma mass spectrometry (ICP-MS). Third, when capped with the appropriate surface
monolayer, AuNPs do not readily dissociate into ions (e.g. Au™), thereby eliminating any
confusion between the nanomaterial and its generated ions.[6,12] AuNPs are thus well
suited for probing the fate, transport, and bioavailability of manufactured nanomaterials in
environmental studies.[6,13]

Previous studies on the environmental impact of nanomaterials have used AuUNPs with less
well defined surfaces. For example, cationic surfactant stabilized AuUNPs (65 nm x 15 nm)
were found by Ferry et al. to readily transfer from the water column into the estuarine food
web and accumulate in clams and biofilms.[13c] These previous studies, however, did not
explore the important role of NP surface properties including charge and hydrophobicity on
absorption, distribution, metabolism and excretion in aquatic species (e.g. fish). We report
here the use of 2 nm core AuNPs (Figure 1) to probe the bioavailability and clearance of
nanomaterials in Japanese medaka (Oryzias latipes). In these studies we observe that surface
functionality plays a crucial role in determining the fate of nanomaterials, with hydrophilic
particles ingested and rapidly cleared without obvious health impact, whereas hydrophobic
particles are accumulated by the fish with toxic effect.

The 2 nm core AuNPs (Figure 1) used in this study are engineered to probe the effects of
surface properties on biosystems. The alkane thiol group provides a hydrophobic layer that
stabilizes the core against disassembly in water. The ethylene glycol group improves the
biocompatibility and solubility of the AuNPs and prevents non-specific interactions with the
alkane interiors. The terminal functional groups determine the surface chemistry on the NP
surface and control the interaction with surrounding environments. In addition to the
tunability of the particle surfaces, the AuNPs used in this study are resistant to aggregation.
The hydrodynamic diameters (D) of these AuNPs range from 6 to 14 nm (Figure 2a and
Figure S2 in Supporting Information) and show little aggregation over a five-day period (Dy
10-23 nm, Figure 2a) in the conditioned water where fish were exposed. This resistance to
aggregation allows us to more controllably study how surface chemistry affects their
biological uptake without the confounding effects of aggregation. We also find that the ¢-
potentials change slightly over time in the conditioned water (Figure 2b), further
highlighting the well-controlled surface chemistry of these AuNPs.
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The Au concentrations in the tank containing fish were monitored during the course of the
exposure experiments (Figure S3 in Supporting Information). The 20 nM solutions of
AUNPs 1-4 have similar initial concentrations (~800-1000 ppb Au), but the positively
charged NPs, AuNP 1 and AuNP 4, decrease in concentration over time, whereas AuNP 2
and AuNP 3 remain approximately constant. Two explanations for the decrease in levels for
the cationic particles are the significant uptake of these AuNPs by the fish (vide infra) and
the greater adherence of the two AuNP to biofilms on the surface of the fish tanks.[13c]

Japanese medaka (Oryzias latipes), a freshwater fish species used for ecotoxicological
studies,[14] were exposed to 20 nM of AuNPs 1-4 for 24, 72, and 120 h. These experiments
indicate that positively-charged AuNPs 1 and 4 are taken up by the fish more readily than
the neutral (2) or negatively-charged (3) AuNPs. For hydrophilic AuNPs 1-3, no visible
effects were observed on the health of the fish. In contrast, after exposure to hydrophobic
AUNP 4, all of the fish died within 24 h. Fish were dissected and Au amounts in six
representative organs and one appendage (brain, heart, liver, gonads, gills, intestines and
dorsal fin) were quantitatively determined by ICP-MS (Figure 3) at specific time points. The
accumulation of Au in the fish shows a time-dependent behavior for AuNPs 1-3. For AUNP
1 and AuNP 3, the Au amount in the fish increases during the first 72 h but decreases at the
120 h time point. In contrast, the Au amount remains low but approximately constant for
AUNP 2 during the entire exposure period. These concentration profiles indicate that AUNPs
1 and 3 do not continually accumulate but rather are eventually excreted by the fish over
time.

Detailed examination of the biodistrbution of the AuNPs in the fish indicates that the
intestines are the predominant site of accumulation for AuUNPs 1-3. In contrast, AUNP 4 was
widely distributed, with substantial quantities observed in the gills, heart, and dorsal fin
(Table 1). For AuNPs 1-3, one-way ANOVA analyses indicate that the intestines are the
main site of accumulation, with accumulation in the gills significant in some cases (Table 1).
At 72 h, all three of AUNPs 1-3 are significantly accumulated in the intestines. Interestingly,
significant accumulation levels of AuNP 1 are found in the gills at all time points, but AUNP
2 and AuNP 3 are not accumulated in the gills until 72 and 120 h, respectively. For AUNPs
1-3, no significant amount of Au was found in brain, heart, liver, gonad and dorsal fin at any
time period (Table 1 and Tables S1-3 in Supporting Information for additional values).

The results in Table 1 clearly show that the main uptake route for the AuNPs 1-3 is ingestion
into the intestine, with gill absorption being a minor route. Neither exposure routes,
however, causes significant absorption or transfer of the AuNPs into other organs (brain,
heart, liver and gonad), indicating that the AuNPs do not enter the circulatory system of the
fish. The variance analyses indicate that AUNP 1 accumulates much more readily than
AUNPs 2 or 3. The higher level of AuNP 1 in the gills and intestines can be explained by the
physico-chemical nature of the mucus layers that cover the intestine and gill surfaces. This
layer covers the epithelial cells of the gill and intestine and consists of glycoproteins
enriched in sialic acid, carboxylic acid and sulfated functional groups, essentially making
the mucus a viscous solution of polyanions.[15] Thus, cationic AuUNP 1 experiences a strong
electrostatic attraction with the mucus layer, whereas neutral and anionic particles 2 and 3
are expected to have negligible and repulsive interactions with the mucus layer, respectively.
The modest accumulation of AUNPs 2 and 3 may be mediated by cations such as Ca?",
Mg?2*, and Na* that are very abundant in the mucus layer. As no significant accumulation of
AUNP 1-3 is found in other organs, one can reasonably conclude that the mucus layer acts as
an effective barrier against these very hydrophilic AuNPs.[15]

In contrast to AuNPs 1-3, AuNP 4 showed significant toxicity, Killing all the fish within 24
h. Our data (Table 1 and Table S4 in Supporting Information) show that significant levels of
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Au are found in six tissues (brain, heart, liver, gills, intestines and dorsal fin, P < 0.05) when
the fish are exposed to AUNP 4. Unlike AuNPs 1-3, the gills and dorsal fin become the main
sites of accumulation, whereas relatively little Au accumulates in the intestine. In addition,
significant accumulation of AuNP 4 is found in the brain, heart, and liver, indicating that
these AuNP entered the circulatory system of the fish. Like AuNP 1, the positively-charged
nature of AuNP 4 presumably facilitates interactions with the mucus layer that covers many
tissues. But, unlike AuNP 1, the hydrophobic functionality on the surface of the NP
apparently enables favorable interactions with the membranes of the epithelial cells that lie
beneath the mucus layer. Such membrane interactions might facilitate the cellular uptake of
these NPs as has been observed previously in cell culture experiments,[10b] allowing them
to be transported into the circulatory system of the fish. Alternatively, interactions of AuUNP
4 with the epithelial cells may cause the cell membranes to be reconstructed,[16] damaging
the epithelial layer. Once the epithelium is compromised, the AuNPs accumulated in mucus
could more readily enter into the circulatory system through the damaged tissue.[15]

Accumulation data for the intestines reveals that the concentrations for AuUNP 1 and 3 drop
after reaching a maximum at 72 h (Figure 4a and Table 1). We hypothesized that this might
be due to the clearance of the AuNPs from the intestines. To test this hypothesis, we
exposed fish to 20 nM of AuNP 1-3 for 3 days and then placed the fish in new tank with
AuNP-free water. Then, AUNP concentrations in the intestines were measured at 0, 24, 72
and 120 h (Figure 4b). Clearly, all three AuNPs are readily excreted after the initial
accumulation in the intestines. Furthermore, AuNP 2 (half-life ~12 h) and AuNP 3 (half-life
~12 h) are more rapidly excreted than AuNP 1 (half-life ~24 h), consistent with stronger
interactions of this cationic AUNP with the negatively-charged mucus layer.

Exposure of Japanese medaka fish to anionic, neutral, and cationic hydrophilic AuNPs
results in temporary accumulation in the intestines and, to some degree, the gill, with the
cationic particles accumulating to a moderately higher degree. Negligible accumulation in
the dorsal fin, brain, heart, gonad, and liver is observed, indicating lack of uptake of the NPs
into the circulatory system. None of the NPs with hydrophilic terminal groups (i.e. AUNP
1-3), however, is significantly accumulated, as excretion experiments indicate complete
clearance of the AuNPs. These studies indicate that the hydrophilic surface chemistry of
AuUNPs 1-3 prevents accumulation, facilitates clearance, and hence are promising coatings to
minimize environmental impact. On the contrary, cationic and hydrophobic AuNP 4 readily
penetrates into the circulatory system of the fish, leading to widespread distribution in the
organs of the fish and ultimately fish mortality in less than 24 h. These results suggest that
creating nanoparticles with hydrophilic surfaces is a strategy for developing less toxic and
more sustainable nanomaterials. This strategy presents the possibility of a “win-

win“ methodology that combines more environmentally benign hydrophilic nanomaterials
with “green” water-based processing methods.

Experimental Section

Synthesis and characterization of AuNPs

The surface monolayers and AuNPs were synthesized using methods previously published.
[10b,17] A two-phase synthesis method was first used to synthesize pentanethiol-coated
AUNPs with core diameters of 2 nm.[18] After that, the ligand-exchange method[19] was
used to obtain AUNP 1, AuNP 3 and AuNP 4. AuNP 2 was synthesized by the single phase
synthesis method described previously.[20] The core sizes of the synthesized AuNPs were
measured on a JEOL 100S transmission electron microscope. Dynamic light scattering
(DLS) and ¢-potential measurements of the AuNPs were made with a Malvern Zetasizer
Nano ZS. 1 uM of each AuNP in conditioned water was used to monitor the aggregation and
(-potential changes over time. Conditioned water was made by mixing reverse osmosis (RO)
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water with sodium bicarbonate and calcium chloride to achieve a pH of 7.24 and a
conductivity of 470 pS.

Fish and fish care

Japanese medaka (Oryzias latipes) were reared and housed on a recirculating flow-through
system (Aquatic Habitats, Apopka, FL) in which water temperature was maintained between
21-25 C, pH 6.8-8.0, and conductivity 500-700 uS, with a 16:8 light:dark photoperiod. Fish
were fed twice daily with ground Deli Flake dry food (Brine Shrimp Direct; Ogden, UT,
USA) and once every other day with live brine shrimp hatched from cysts (Brine Shrimp
Direct; Ogden, UT, USA) unless otherwise noted. Rearing and experimental protocols were
approved by the University of Massachusetts Internal Animal Care and Use Committee
(IACUC).

AUNP exposure experiments

In the first set of experiments, a single dose of 20 nM AuNPs 1-3 was separately added into
each of three of 1-L plastic tanks, each containing 800 mL of conditioned water. After
aeration for 30-60 minutes with an air-stone, eight fish (four females and four males) were
placed into the plastic tank. Fish were fed 0.03 g of dry flake once every 24 h. Four fish (two
females and two males) were taken out and dissected after 24 and 72 h, respectively. In a
second set of experiments, a single dose of 20 nM AuNPs 1-3 was separately added into
three 2.75-L plastic tanks, each containing 1200 mL of conditioned water. After aeration, 12
fish (six females and six males) were placed into the tank. Four fish (two females and two
males) were taken out and subjected to dissection after 24, 72, and 120 h, respectively. In
these experiments, fish were also fed 0.03 g of dry flake once every 24 h. No mortality was
observed during the two sets of experiments. Upon removal, each fish was euthanized using
4% Tricaine (MS-222), and a whole body weight was measured. Six representative organs
and one appendage, including brain, gill, heart, liver, gonads, intestines and dorsal fin, were
extracted and weighed. The gold amounts in the organs were later determined by ICP-MS.

In a third set of experiments, a single dose of 20 nM AuNP 4 was added to a 2.75-L plastic
tank containing 1200 mL of conditioned water. After aeration, 12 fish (six females and six
males) were placed into the tank. After 24 h of exposure, all 12 fish were found dead. The
same experiment was repeated, and the same result was observed. In a fourth experiment, a
single dose of 20 nM AuNP 4 was added to a 2.75-L plastic tank containing 800 mL of
conditioned water. After aeration, eight fish were added, and again all fish died within 24 h.
A total of 8 fish from AuNP 4 exposure were dissected, and Au amounts in the collected
organs were measured by ICP-MS.

For each of the experiments described above, control experiments were carried out under the
same conditions except no AuNPs were added to the tank water. No mortality was observed
during any control experiment. Fish from the control experiments were also dissected, and
Au amounts in the collected organs were also measured by ICP-MS.

For the clearance experiments, a single dose of 20 nM AuNPs 1-3 was separately added into
three of 2.75-L plastic tanks, each containing 1200 mL of conditioned water and 12 fish.
After three days, three fish were taken out and subjected to dissection, and the time was set
as 0 hin Fig. 5b. The remaining fish were then removed from the AuNP-containing water
placed into a clan tank with AuNP-free conditioned water. In addition, the tank water was
changed every 24 hrs during the five-day period. At 24, 72 and 120 h intervals, three fish
were taken out and dissected each time. All the organs were digested and measured by ICP-
MS. The clearance experiments were performed in duplicate. No mortality was observed
during any of the clearance experiments.
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Sample digestion and measurement

Each organ was digested overnight using a mixture of 3 mL of HNO3 and 1 mL of H,0,.
On the next day, ~2 mL of aqua regia was added, and then the sample was allowed to react
for another 1-2 h. Aqua regia is highly corrosive and must be used with extreme caution! A
hot plate (~100 °C) was used to reduce the above digested solution to less than 1 mL. The
concentrated sample solution was then diluted to 10 mL with 0.5 mL aqua regia and de-
ionized water. The gold in the sample solution was measured on a Perkin-Elmer Elan6100
ICP mass spectrometer. The instrument was operated with a 1200 W RF power and the
nebulizer Ar flow rate was optimized around 0.9 -1.0 L/min.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structural illustrations of gold nanoparticles (AuNPs 1-4).
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Figure 2.

Stability to aggregation and ¢ potentials of AuUNPs 1-4 in conditioned water over time. (a)
The changes in hydrodynamic diameters (D) were determined by dynamic light scattering
(DLS). (b) The change of AuNPs 1-4 e-potentials.
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Total amounts of Au detected in fish exposed to 20 nM concentrations of AuUNPs 1-4. The
Au amounts are the sum total of the Au found in six organs and one appendage (brain, heart,
liver, gonads, gills, intestines and dorsal fin). Error bars correspond to standard error of the
mean drawn from the exposure of eight fish (24 h and 72 h) or four fish (120 h). For AuNP
4, all of the fish died in 24 hrs, so no data are available for the 72 and 120 h time points.
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Figure 4.
Clearance of AuNPs 1-3 from fish intestine. (a) Accumulation of AuNPs 1-3 in fish

intestines at 24, 72 and 120 h. Error bars correspond to standard error of the mean (SEM)
drawn from exposures to eight fish (24 h and 72 h) or four fish (120 h). (b) Clearance of
AUNPs 1-3 from fish intestine over time. Error bars correspond to SEM drawn from six fish.
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