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a  b  s  t  r  a  c  t

The  stability  and  uptake  by  Daphnia  magna  of  citrate-stabilized  gold  nanoparticles  (AuNPs)  in three  dif-
ferent  hardness-adjusted  synthetic  waters  were  investigated.  Negatively  charged  AuNPs  were  found  to
aggregate  and  settle  in  synthetic  waters  within  24  h. Sedimentation  rates  depended  on  initial  particle
concentrations  of  0.02,  0.04,  and  0.08  nM  AuNPs.  Hardness  of  the  synthetic  waters  affected  the  aggrega-
tion  of  AuNPs  and  is  explained  by  the  compression  of  diffuse  double  layer  of  AuNPs  due  to  the  increasing
ionic  strength.  The  fractal  dimension  of  AuNPs  in  the  reaction-limited  regime  of  synthetic  waters  aver-
aged 2.228  ± 0.126  implying  the  rigid  structures  of aggregates  driven  by  the  collision  of  small  particles
ggregation
ractal dimension
aphnia
ptake

with  the growing  aggregates.  Four-day  old  D.  magna  accumulated  more  than  90%  of  AuNPs  in 0.04  nM
AuNP  suspensions  without  any  observed  mortality.  Exposure  to  pre-aggregated  AuNP  for  48  h in hard
water  did  not  show  any  significant  difference  in  uptake,  suggesting  D. magna  can  also  ingest  settled  AuNP
aggregates.  D.  magna  exposed  to AuNPs  shed  their  exoskeleton  whereas  the  control  did  not  generate  any
molts over  48  h.  This  implies  that  D. magna  removed  AuNPs  on their  exoskeleton  by  producing  molts  to

cts  o
decrease  any  adverse  effe

. Introduction

Nanomaterials are being used in a wide array of products, which
eads to an increase in the potential for environmental risk. Numer-
us studies have reported that engineered nanoparticles (ENPs)
ause toxic effects on cells by induction of reactive oxygen species
1] or by release of toxic metals [2,3]. Fewer investigations have
ooked for other modes of toxicity such as attachment of ENPs
o biological surfaces, leading to physical impairment of organism
ehavior or health [4,5]. Polymer coatings are added to enhance
NP aqueous stability through both steric and electrostatic mecha-
isms [6].  These coatings may  be inherently toxic or may  facilitate
he uptake of ENPs by the organism and therefore play an impor-
ant role in the potential for organism exposure to ENP because of
heir control on aggregation and sedimentation, and/or dissolution
2].  There are several different exposure pathways of nanomaterials
hat result in release to water, soil, and air. When the nanoparticles
re introduced into environmental media, they move through these
athways and are accumulated in various destinations such as

astewater, soils, landfills, among others [7,8]. Traveling through

hese pathways, the nanoparticles can encounter changes in their
hemical environment, potentially leading to the alteration of their

∗ Corresponding author. Tel.: +1 303 273 3004; fax: +1 303 273 3629.
E-mail address: jranvill@mines.edu (J.F. Ranville).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.02.025
f  adhered  AuNPs.
© 2012 Elsevier B.V. All rights reserved.

surface properties. Studies have shown that suspension stability of
nanoparticles has been significantly affected by pH [9,10] and ionic
strength [10–12],  and that nanoparticle stability is controlled by
the compression of the diffuse double layer which leads to aggre-
gation [10,11]. Therefore, emphasis must be placed on the study
of surface properties, which directly influence ENP fate and trans-
port in the environmental media in order to better understand ENP
environmental threats or risks.

Gold nanoparticles (AuNPs) are very useful as a “model parti-
cle” in examining ENP dynamics and bioaccumulation, as they are
insoluble and are relatively non-toxic. They are also currently used
in biomedical diagnosis and sensing [13,14], and are used in numer-
ous electronic or chemical applications [15,16] as well. These wide
uses of AuNPs can result in their exposure to the environment and
supports the need to study biological uptake, stability, and their fate
and transport in aquatic environments. One of the typical stabiliz-
ers for AuNPs is citrate, which may  have a significant role in their
transport through aqueous environments [17,18].  Few studies have
dealt directly with AuNP environmental stability [11,19]. Humic
substances interact with ENP surfaces and can play an important
role in the aggregation of AuNPs [19]. However little is known about
how humic substances may  interact, modify, or even replace the
initial surface stabilizers. Furthermore, most ENP stability studies

have used aqueous phases with ionic strength adjusted by a single
counterion, such as Ca2+or Na+, and have not used more environ-
mentally relevant conditions such as hard, moderately hard, or soft
water [10–12].

dx.doi.org/10.1016/j.jhazmat.2012.02.025
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jranvill@mines.edu
dx.doi.org/10.1016/j.jhazmat.2012.02.025
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The freshwater crustacean Daphnia magna is a representative
rganism used in aquatic toxicity testing [20]. Due to their sen-
itivity to many hazardous substances, it has been widely used
or toxicity assessments of nanoparticles in aquatic environments
5,21].  D. magna has reported to ingest a significant amount of
arious types of nanoparticles and retain them in their digestive
rack [5,22].  Furthermore, surface adsorption of nanoparticles onto
he exterior of D. magna limit their biological activity and led to

ortality [4,5]. Previous studies have focused on the toxicity of
anoparticles on D. magna,  with limited information reported on
he role of surface chemistry, which is important in NP uptake and
ccumulation.

The aim of the study was to further our understanding of ENP
quatic exposure by simultaneously examining the stability and
iological uptake of AuNPs. We  characterized the aggregation and
edimentation of citrate-stabilized AuNPs in three synthetic waters
f varying hardness. Effects of particle concentration and hard-
ess on aggregation of AuNPs were evaluated with respect to the
ggregation rate constants, obtained by UV–vis spectroscopy, and
ractal dimensions, obtained from determination of hydrodynamic
ize using dynamic light scattering. We  hypothesized that differing
ardnesses would result in different aggregation states and rates,
hich might affect the ingestion or surface adsorption of AuNPs by
. magna.  AuNPs exposures were performed in the synthetic waters
nd the uptake by D. magna was assessed by ICP-AES. Furthermore,
uNPs were also pre-aggregated in hard water and then exposed

o D. magna to more fully evaluate the effect of aggregation state
n uptake.

. Materials and methods

.1. Preparation and characterization of citrate-stabilized gold
anoparticles.

Gold nanoparticles with an approximate diameter of 20 nm
ere synthesized using the modified Turkevich method [17].
riefly, 30 mL  of 0.25 mM HAuCl4 solution was added to Erlenmeyer
asks and heated to 80 ◦C. Once a stable temperature was achieved,
u3+ solution was reduced by adding 1.5 mL  of 1% sodium citrate
olution. The solution was maintained at that temperature until the
olution turned ruby red, indicating AuNP had formed. After cooling
o room temperature, small portions were taken for UV–vis anal-
sis (Model DU8000, Beckman Coulter). Hydrodynamic size was
lso determined by dynamic light scattering (Zetasizer nanoseries,
alvern Instrument) with a 633 nm laser source and a detection

ngle of 173◦. Electrophoretic mobility was also measured using
he same instrument and subsequently converted to zeta potential
y the Smoluchowscki’s approximation [23]. Transmission elec-
ron microscopy (TEM) images were obtained for determination of
he size and shape of the AuNPs. Samples were prepared on a car-
on coated copper grid and images were captured by TEM (JEOL,
EM-2010) operated at 200 kV.
.2. Aggregation and sedimentation of AuNPs in synthetic waters

Before experiments, the AuNP suspensions were sonicated in
 low-power bath for 10 min. Synthetic hard water was  prepared

able 1
haracteristics of the citrate-stabilized AuNPs. TEM size represents the average diamete

 = 3), the values of zeta potential are avg. ± SD (n = 3).

TEM size (nm) Hydrodynamic size (nm) UV 1st

Citrate-AuNPs 17.0 ± 1.7 21.6 ± 0.6 521 
 Materials 213– 214 (2012) 434– 439 435

using nanopure water and analytical grade chemicals (Supporting
information Table S1)  [20]. Aliquots of AuNP suspensions were
then added to yield 0.02, 0.04, and 0.08 nM of AuNPs as particle
concentration (1.3, 2.6, and 5.2 mg  L−1 as total Au concentrations,
respectively. AuNP concentrations are expressed with nM as parti-
cle concentration throughout the text.). In order to monitor the rate
of sedimentation, samples were taken at the upper layer (1 cm)  of
the suspensions using a digital pipette at appropriate time inter-
vals over 24 h. Hydrodynamic size was immediately measured by
DLS (Brookhaven ZetaPlusTM, Brookhaven Instruments) and UV–vis
spectrum was  collected. Samples were digested using aqua regia
at 80 ◦C for 2 h and Au concentrations were then determined by
ICP-AES (ICP-AES 5300DV, PerkinElmer). Moderately hard and soft
synthetic waters were prepared by diluting a stock solution of
synthetic hard water by a factor of 2 and 4 times respectively.
Suspensions were prepared in these two waters at 0.04 nM AuNP
and measured using the same procedures as were used in the hard
water experiments.

2.3. D. magna exposure to AuNP suspensions

D. magna were cultured in the laboratory and fed algae and sea-
weed extract following EPA standard protocols [2].  Four-day old D.
magna were used in the study. Forty D. magna were selected and
rinsed with clean synthetic hard water and were placed in a 100 mL
glass beaker containing 80 mL  of test water. AuNP suspensions were
briefly sonicated then sufficient volume was  transferred to make a
concentration of 0.04 nM of AuNP. AuNP suspensions were sampled
and measured by UV–vis spectrophotometer over a period of 48 h.
Hard and moderately hard synthetic waters were used for D. magna
exposure experiments. To observe the effect of aggregates on D.
magna, AuNP suspensions were added into synthetic hard water
and left for 48 h to allow aggregation and sedimentation before the
addition of D. magna into the suspensions. After 48 h of exposure to
AuNP suspensions, all D. magna and their molts were collected sep-
arately and transferred into 15 mL  tubes, after rinsing with DI water
several times. Each sample was digested using aqua regia and ana-
lyzed by ICP-AES. Mass balance of Au throughout the study showed
102–117% recoveries for the sum of Au in molts, D. magna,  and in
suspension after 48 h exposure to AuNP suspensions. The average
dry mass of 4-day old D. magna was 0.044 ± 0.023 mg.

3. Results and discussion

3.1. Characterization of synthesized AuNPs

The properties of the stock AuNPs suspensions are sum-
marized in Table 1. UV–vis spectra of citrate-stabilized AuNPs
showed a symmetrical single peak with maximum absorption at
521 nm (Supporting information Fig. S1). TEM showed that the
as-prepared AuNPs were monodispersed (Supporting information
Fig. S2). Analysis of TEM images showed that the average diam-
eter was  17.0 ± 1.7 nm which was  not in perfect agreement with

the DLS measurement that gave the average hydrodynamic size
of 21.6 ± 0.6 nm in z-average. The differences between two  mea-
surements may  be due to the citrate layer of AuNPs and the diffuse
double layers on the particle surface. The small standard deviations

r ± SD (n = 143), hydrodynamic size is the z-average measured by DLS (avg. ± SD,

 peak position (nm) Zeta potential (mV)

pH 4 pH 6 pH 8 pH 10

−24.9 ± 6.5 −22.3 ± 6.9 −33.5 ± 7.1 −45.4 ± 4.1
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Fig. 2. The increase in hydrodynamic size (z-average) measured by DLS for suspen-
ig. 1. Variation of total Au concentrations for 24 h at the upper layer of suspensions
n  hard water with three different AuNP concentrations. Dots and error bars repre-
ent the averages and standard deviations (n = 3). The dotted lines are the linear
egression curve for each data set.

n both the hydrodynamic size and size by TEM indicate that AuNPs
ere uniform in size and well stabilized in suspension. Zeta poten-

ial is the electric potential of the NPs at the shear plane [11,24].
n terms of electrostatic stability, NPs having zeta potential less
han ±20 mV  are considered to be electrostatically unstable, and
lose approach of the particles to one another results in aggre-
ation and settling out of suspension. Our citrate-AuNPs showed
trong negative zeta potentials over the pH range of 4–10 in our
tock suspension implying that AuNPs were electrostatically sta-
le in wide range of pH due to the ionized carboxylic groups of the
itrate on the AuNPs. Because zeta potentials were high enough at
he pH range of 4–10 and the pHs of synthesized water used in the
xperiments only ranged from 7.5 to 7.9, the effect of pH on AuNP
tability was negligible in the present study.

.2. Aggregation of citrate-stabilized AuNPs in synthetic waters

The UV–vis spectrum showed that the aggregation and sed-
mentation of citrate-stabilized AuNPs occurred quickly in hard

ater (Supporting information Fig. S3).  Although the UV–vis spec-
rum was stable over 24 h for citrate-stabilized AuNPs in DI water,

 bimodal peak was immediately detected in hard water indicating
hat rapid initial aggregation of AuNPs occured. The peak at 521 nm
n UV–vis spectrum of AuNPs in hard water, which is identical to
he stable peak in deionized water, represents the monodisperse
uNPs. This absorbance decreased with time, which resulted from

he loss of monodisperse AuNPs by aggregation in hard water.
nother peak appeared at 680–700 nm,  indicating that citrate-
tabilized AuNPs formed aggregates immediately after addition to
ard water. The peak at 680–700 nm broadened, red-shifted and
he absorbance decreased with time indicating the growth and sed-
mentation of the aggregates. The decreased absorbance implied
he decrease in Au concentrations in the upper layer of the suspen-
ion (Fig. 1). Au concentrations in the upper layers of suspensions
ecreased with time in hard water at all initial concentrations (0.02,
.04, and 0.08 nM AuNPs). After 24 h, Au concentration decreased
y 45.4 ± 7.2, 57.2 ± 1.8, and 73.1 ± 1.1% for the 0.02, 0.04, and
.08 nM AuNPs suspensions, respectively. Dissolved Au in sus-
ensions was not detected after filtration with 10 kDa membrane

detection limit of Au = 0.0026 �g mL−1) indicating that AuNPs did
ot release Au+ into hard water over the 24 h period. The sedimen-
ation rates were −0.022, −0.058, and −0.153 mg  L−1 h−1 for the
.02, 0.04, and 0.08 nM AuNP suspensions, respectively. The results
sions of citrate-stabilized AuNPs in hard water. Dots and error bars represent the
averages and standard deviations (n = 3). The hydrodynamic size of citrate-stabilized
AuNPs was 21.64 ± 0.60 nm in DI water at 25 ◦C.

demonstrate that sedimentation rates in hard water were highly
dependent on the particle concentrations.

Time-resolved dynamic light scattering experiments were
employed to study the aggregate structure of AuNPs in hard water.
DLS clearly showed that the hydrodynamic size of AuNPs aggre-
gates in z-average increased with time (Fig. 2). The size determined
by DLS increased from 27 nm up to >1.5 �m over 24 h. Initial
rates of change in hydrodynamic size were proportional to the
AuNP concentration, however after 6 h the rates were not differ-
ent among three concentrations. After 24 h, the aggregates had
not reached their maximum size. The fractal dimensions, Df, of the
aggregates were calculated using a simple power law relationship
between hydrodynamic size and time [25–28].  The average Df for
citrate-stabilized AuNPs were 2.228 ± 0.126 (Table 2). High Df indi-
cated that particle-cluster aggregation occurred in hard water to
form rigid structures and that the aggregation was  driven by the
collision of small particles to the growing aggregates due to Brow-
nian motion [28]. Particle-cluster aggregation was indicated from
UV–vis spectra. The second peak at 680–700 nm was formed very
quickly and red-shifted slowly with time, implying that the aggre-
gates grew slowly. The results suggest that once citrate-stabilized
AuNPs were added to hard water, aggregates formed quickly and
the single particles collided with them due to diffusion.

Generally, the growth of aggregates by single particle collision
with clusters can be expressed by collision frequency of parti-
cles and collision efficiency (the ratio of aggregate formation to
collisions) [29]. The time-dependent decrease in monodisperse
particles, that is the aggregation rate, was  expressed by first-order
kinetics

−dN

dt
= kpN (1)

where N is particle concentrations, t is time, and kp is the aggrega-
tion rate constant which is the rate constant for disappearance of
monodisperse AuNPs. Using the Lambert–Beer’s law, the concen-
tration of monodisperse AuNPs is proportional to absorbance at
521 nm.  The aggregation kinetic rates were therefore determined
from the UV absorbance using the expression

A = A0e−kpt (2)
where A is UV absorbance at 521 nm at a given time, and A0 is the UV
absorbance of 521 nm at t = 0. Eq. (2) correlated well to the experi-
mental data (Table 2). The aggregation rate constants ranged from
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Table 2
Aggregation rate constants of citrate-stabilized AuNPs in three synthesized waters calculated by Eq. (2) and fractal dimensions in hard water at three different concentrations.
Fractal  dimensions were not determined for moderately hard and soft water due to the absence of hydrodynamic size data.

Aggregation rate constant Fractal dimension

C0 (nM) kp (h−1) r2 Df r2

Hard
water

0.02 0.0791 ± 0.0071 0.91 (p < 0.01) 2.084 1.00 (p < 0.01)
0.04  0.0794 ± 0.0071 0.93 (p < 0.01) 2.279 0.99 (p < 0.01)
0.08  0.0836 ± 0.0040 0.98 (p < 0.01) 2.320 0.99 (p < 0.01)
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Mod  hard water 0.04 0.0460 ± 0.0044
Soft water 0.04 0.0229 ± 0.0031

.0791 to 0.0836 h−1. The aggregation rates were independent of
article concentrations and the time needed for 50% of reduction of
onodisperse particles by aggregation, t1/2, were about 8.3–8.8 h.
Citrate-stabilized AuNPs of 0.04 nM were added into moderately

ard and soft waters and UV–vis and Au concentrations were mea-
ured over time. Au concentrations in the upper layer decreased for
4 h by 37.6 ± 0.8 and 33.5 ± 2.4% in moderately hard water and soft
ater, respectively. The rates of sedimentation determined from
u concentrations by ICP-AES were also calculated to be 0.0467
nd 0.0345 mg  L−1 h−1 for moderately hard water and soft water,
espectively, indicating that the sedimentation was affected by the
lectrolyte concentration. UV–vis spectra showed results similar to
hose seen in the hard water experiments. Absorbance at 521 nm
ecreased with time and the second peak was formed immediately
fter addition of AuNPs in the synthetic water and red-shifted with
ime. Aggregation rates by Eq. (2) were proportional to the hard-
ess as expected by the aggregation of the reaction-limited regime
Table 2).

Commonly, the stability of colloids is explained by the
erjaguin–Landau–Verwey–Overbeek (DLVO) theory which esti-
ates that counterions can affect colloidal stability by changing

he distance of closest approach for two colloids during contact
11]. Nanoparticles such as nano-sized TiO2 have been known to
eadily aggregate up to micron size by increasing ionic strength
ith NaCl and CaCl2 and the aggregation rates were highly affected

y both the ionic strength and the counter ions [10] and divalent
ations are reported to be far more effective for aggregation than
onovalent cations [10,12]. Hardness of the synthesized water is a

esult of mono and divalent cations. The dependence of aggregation
ate of AuNPs on hardness is explained by the fact that high ionic
trength in hard water, especially the presence of divalent cations,
ompresses the diffuse double layer leading to the decrease in the
istance between two closest particles resulting in the aggrega-
ion. The results corresponded to the fact that the aggregation of
eaction-limited regime is the feature in the diluted condition like
resh water and is reported to be highly subjected to the concen-
ration of electrolyte in suspensions [26].

.3. AuNPs uptake by Daphnia

No mortality was seen for D. magna over the 48 h of expo-
ure to 0.04 nM of AuNP. At T = 0, similar UV–vis spectra were
bserved for AuNP suspensions in both the presence and absence
f D. magna.  After 12 h, no absorbance was detected by UV–vis in
he sample taken at the upper layer of suspension and Au concen-
ration had decreased by 90.1 ± 3.5% (mean ± SD, n = 3)(Supporting
nformation Fig. S4).  This result did not correspond to that of pre-
ious experiment which was performed without D. magna and
mplies that D. magna ingested or sorbed AuNPs in hard water.
fter 48-h exposure to 0.04 nM of AuNPs, D. magna were collected

nd measured for Au concentration. The total Au mass in forty
. magna was 242.9 ± 23.2 mg  (mean ± SD, n = 3) which corre-
ponded to 91.2 ± 8.7% of the total Au added to the suspensions.
. magna was reported to be able to fill their gut within 30 min  of
exposure [5] and ingested nanoparticles move to the lower section
of the digestive tract [30,31]. Our experiment showed a constant
value for Au concentration in suspension after 12 h. This suggests
that AuNPs ingested by D. magna reached a steady-state concen-
tration and were not excreted back into suspension, but rather
remained within the organisms. This result agreed with a previ-
ous study that showed gut fullness did not decrease for 48 h in
clean media while algae feeding facilitated the depuration of parti-
cles from the digestive tract with 8 h needed for complete purging
[32]. During 48-h exposure to AuNPs, D. magna were found to shed
their external shell and these molts settled to the bottom of the
containers. However in the control tests, no molts were found over
the same time periods. D. magna are known to molt or shed their
exoskeleton periodically and the newly hatched daphnia must molt
several times before they are fully grown into an adult, usually after
about two  weeks [33]. The role of molting by D. magna has been
reported as a means for the organism to regulate the internal con-
centrations of cadmium [34], mercury [35], nickel [36], and Zn [37].
Specifically, Muyssen and Janssen (2002) found that fluctuations
in the total Zn in the organism occurred over 2- to 3-day inter-
vals because about 38% of total Zn was in or on the exoskeleton
which was  controlled by molting. Difference in molting behavior
between the AuNP exposed and the control implied an effect of
AuNPs absorbed on the exoskeleton [37]. To evaluate the contribu-
tion of molts to decreasing Au body burden, molts were collected
and analyzed for Au. Only 1.8% of Au (4.9 mg)  was associated with
molts, which is much lower than the 20–40% of Cd, Ni, and Zn that
were seen in other studies to be eliminated by molting [34,36,37].
The reason D. magna shed their exoskeleton over the 48 h exposure
to AuNPs, despite the very low amount of AuNP associated with
molt, might be explained by the interference of nanoparticles on the
biological behavior of D. magna.  Nanoparticle aggregates can attach
to the D. magna exoskeleton, appendages, and antennae [22,30]. In
our study, we observed the absorption of AuNPs onto the surfaces
of D. magna after 24 h exposure in hard water. These nanoparticles
on the surface may  cause the adverse effect on D. magna by hinder-
ing swimming or moving and in actual environmental systems may
affect predation. The production of molts only in the AuNP suspen-
sions could, therefore, be due to D. magna acclimation to AuNPs
by removing their outer exoskeleton having sorbed nanoparticle
aggregates.

We hypothesized that aggregation of AuNPs might affect the
uptake or sorption of AuNPs by D. magna. To test the effect of aggre-
gates, AuNP suspensions in hard water were allowed to aggregate
over 48 h prior to the addition of D. magna.  The UV–vis spectra
and ICP-AES analysis confirmed aggregation of AuNPs and only
11.5% of AuNPs remained in the upper layer of suspension after
48 h. (Supporting information Fig. S5).  During 48-h exposure to pre-
aggregated AuNP suspension, D. magna survived well and produced
molts and Au concentration in the upper layer did not change. This

indicated that settled AuNP aggregate were not broken down and
resuspended by D. magna movement. Similar to the previous exper-
iment, more than 90% of AuNPs were ingested by D.  magna.  Au
amounts found in molts were just 1.1% of total Au in suspensions
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howing that AuNP aggregates were primarily being ingested by
. magna rather than absorbing onto the D. magna surface. Also,
. magna showed vigorous ingestion of AuNPs aggregates that were
ettled out of the suspensions. D. magna is a representative filter-
eeding aquatic organism and are known to take up certain sizes of
articles as a food through filtration of water [38]. Size exclusion
echanisms of D. magna make it possible to ingest particles in size

ange of 0.6–40 �m.  Furthermore, the uptake rate had been shown
o be lower for particles less than 5 �m [38]. Hydrodynamic size
f monodisperse AuNPs in our experiment was about 27 nm and
hus should not be filtered out by D. magna.  The fraction of AuNPs
emained in suspensions, as measured by ICP-AES, might therefore
epresent the monodisperse AuNPs which were not ingested due
o their small size. Au concentration in molts did not show any sig-
ificant difference when compared to the previous result, implying
hat the aggregation or size of nanoparticles did not play a role in
he absorption of nanoparticles on the surface of D. magna.

To determine the effect of sedimentation or ionic strength on the
ngestion of AuNPs, D. magna were exposed to AuNP suspensions
n moderately hard water, which showed slower aggregation and
edimentation than in hard water (Supporting information Fig. S6).
t the same AuNP concentration (0.04 nM), no mortality was found
nd D. magna molted in 48 h. D. magna contained 268.3 mg  of Au,
hich corresponded to 93.8% of total Au in suspension. Only 1.4% of
u was associated with molt. The results showed that the changes
f aggregation rate or sedimentation rate, due to ionic strength, did
ot affect the ingestion of AuNPs by D. magna.

. Environmental implications of the study

Environmentally relevant conditions will likely include many
ther factors, such as natural organic matter and variable pH.
hese factors will affect the fate and transport of nanoparticles.
lso nanoparticle concentration levels will be much lower than

hose employed in this study. Fractal dimension was  independent
f the particle concentrations and subject to the electrolyte con-
entrations in the reaction-limited regime likely to be common for
reshwaters. The high fractal dimension of the study, therefore, sug-
ests that solid or strong aggregates of AuNPs will be formed and
ill likely be more persistent than loose aggregates, thus making

edispersion and suspension less likely. Although aggregation may
imit mobility of AuNPs in the environment, it may  facilitate inges-
ion or adhesion to aquatic organism like D. magna.  Even though
8-h exposure to AuNPs did not show any toxic effect on D. magna,
urther study is needed to observe if chronic effects occur. It should
e noted that long term exposure of D. magna to AuNPs may  have
erious toxicological effects because AuNPs are not depurated in
8 h and D. magna shed their exoskeleton more frequently in the
uNP suspensions as compared to the control test. Also, even if low
oncentrations of Au are sorbed on the molts, adhesion of nanopar-
icles could interfere with organism behavior and should therefore
e the subject of further research.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.jhazmat.2012.02.025.
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