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a b s t r a c t

The in vivo responses of C. dubia to nanoparticles exemplified by a photoactive titanium oxide (TiO2) and
a non-photocatalytic aluminum oxide (Al2O3) were studied. Both nanomaterials inhibited the growth of
C. dubia at concentrations ca. >100 mg/L. The EC50 value was 42 and 45 mg/L in the presence of TiO2 and
Al2O3, respectively, based on 3-brood reproduction assay. Results implied that reactive oxygen species
(ROS) may not be totally responsible for the adverse effects exerted on the invertebrate. Aggregation
and interaction among nanoparticles, C. dubia, and algal cells, major food source of Daphnia, played a
significant role on the responses of C. dubia to nanoparticles. Dynamic energy budget (DEB) analysis was
used to assess the impact of nanoparticles on the energy allocation of C. dubia. Results indicated that
anomaterials

anotoxicity
ynamic energy budget
nvironmental risks and impacts

nanoparticles could disrupt the assimilation and consumption of energy in C. dubia dramatically. The
assimilation energy was negatively correlated to the concentration of nanomaterials, a reduction from 11
to near 0 �g-C/animal/day in the presence of TiO2 or Al2O3 nanoparticles at a nanoparticle concentration
of 200 mg/L. The energy consumed for life-maintenance increased also with increase in the concentration
of nanomaterials. Results clearly demonstrated the importance of energy disruption in determining the
toxicity of nanoparticles toward C. dubia.
. Introduction

Increasingly, nanomaterials have received much attention in
any fields, e.g., catalysis, sensors, and electronics. Given the

ncreasing production of nanomaterials worldwide, the potential
or their release into the environment thus posing subsequent
mpacts on ecological health have become a great public concern.

ith uniquely small size, nanomaterials can be highly reactive,
deal for many beneficial industrial uses and potentially high risk
o the environment. There are increasing research activities focus-
ng on the adverse effects of various engineered nanomaterials on
uman and environmental health [1,2]. While the major toxicity
echanism of most nanomaterials has not yet been elucidated

ompletely, possible causes such as membrane disruption, oxi-
ation of proteins, genotoxicity, interruption of energy transport,
ormation of reactive oxygen species (ROS) and the release of toxic

onstituents (i.e., secondary toxicity) have been suggested [1,2].

Many research groups have reported that exposure to nanopar-
icles could cause oxidative stress in cells at the cellular and
ubcellular levels [1,2]. The ROS generated by nanomaterials can
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damage the cell membrane indirectly by oxidizing the double bonds
of the fatty acid tails in membrane, i.e., lipid peroxidation, as well
as cause lesions in proteins and DNA and disulfide formation [2,3].

In as much as the commonly speculated mechanisms of inflict-
ing adverse effects on target organisms by ROS, most toxicity
studies have been carried out in vitro at the cellular level [2]. Cur-
rent literature is still debating on the link between nanoparticles,
oxidative stress and toxicity using in vivo invertebrates and ver-
tebrates toxic assays. Results of one early study by Oberdorster
showed that fullerene (C60) could generate ROS which subse-
quently damaged the brain of largemouth bass; however, only one
of nine tests showed positive response to ROS oxidation [4]. It was
also reported that the presence of nanoparticles, including Ag, Au
and C60, caused oxidative stress to various aquatic animals [5–8].
However, conflicting results were also reported in literature. Later
in vivo toxicity study of C60 using fathead fish and medaka by Ober-
dorster et al. [9] failed to prove protein or DNA damage or cellular
oxidation responses. Shinohara et al. [10] reported that C60 expo-
sure did not induce any lipid peroxidation of the brain tissue of C.

carpio in vivo. Henry et al. [11] concluded that trace solvent residues
such as tetrahydrofuran, used in the preparation of C60 fine sus-
pensions, and its degradation products were neuro-toxicants that
could be responsible for damaging the brain of largemouth bass. In
summary, the exposure pathways of most nanomaterials and toxi-

dx.doi.org/10.1016/j.jhazmat.2011.01.061
http://www.sciencedirect.com/science/journal/03043894
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ity mechanisms remained largely speculative. Furthermore, most
urrent nanotoxicity studies that followed the conventional proto-
ols specifically designed for dissolved chemical species may not
e totally applicable to solid nanomaterials.

In addition to the direct chemical stresses, other factors such
s food availability, energy assimilation and allocation may also
mpact the target organisms in the presence of nanomaterials.
nergy is essential for all living systems and its allocation is a
ynamic process that may vary with ecological fluctuations, such
s food availability, temperature, pollutants, and the population
er se. The presence of nanomaterials can change the environmen-
al settings, which can affect the physiological and physical fitness
f testing organisms. Hence, the adverse effects observed in vivo
ight be partially attributed to the disruption of energy budget.

he energy budget model that correlates the energy essential for
ife cycle activities such as growth, development, and reproduction

ith environmental variables can be a useful tool to quantify the
nergy uptake and allocation in biological systems in the presence
f nanomaterials.

The objectives of the present research were: (a) to assess the
ole of photocatalysis on the responses of C. dubia to nanoparti-
les exemplified by photoactive TiO2 P25 and non-photocatalytic
-Al2O3, (b) to investigate the effects of nanoparticles on factors
uch as food availability and body burden that may affect energy
alance of C. dubia, and (c) to analyze the energy budget of C. dubia
xposed to selected nanomaterials and its relationship to observed
oxic responses.

. Experimental

.1. Nanoparticles

Degussa TiO2 P25, purchased from Degussa Co., (Parsippany,
J, USA), contains approximately 70% anatase and 30% rutile. The
iO2 P25 is known to have high photoactivity and generate ROS
hen exposed to light. Commercial �-Al2O3, supplied by Degussa
o., was selected as typical non-photocatalytic nanomaterials. The
roperties of nanoparticles were characterized for primary par-
icle size, aggregate (or secondary particle) size, specific surface
rea and surface charge, i.e., pHzpc. The primary particle size was
etermined with transmission electron microscopy (TEM) (JEOL

EM-2000FX) and a value of 34 and 17 nm for TiO2 P25 and �-
l2O3, respectively, was obtained. The particle suspensions were
ispersed with ultrasound for 30 min in deionized water (DW) or

n moderately hard water (MHW) at pH 7, respectively, then the
ggregate size of nanoparticles, (or the secondary particle size)
as determined with dynamic light scattering (DLS) using Zeta-

izer 3000HSa (Marvin Instrument). The aggregate size was ∼200
nd ∼100 nm in DW and ∼2000 and ∼200 nm in MHW at pH 7,
or TiO2 P25 and �-Al2O3, respectively. Results of the aggrega-
ion kinetics of various TiO2 nanoparticles in MHW will appear
lsewhere later [12]. It was also worthy to point out that the interac-
ion between nanoparticles and surrounding media, including algal
ells, played an important role on the concentration of nanoparti-
les [13,14]. Thus, the actual exposure concentrations were not a
onstant in most in vivo nanotoxic assays [14]. Direct comparison
f the assay outcome might not be straight forward, as the actual
xposure concentrations varied as a function of nanoparticle prop-
rties, surface functionality, time, solution ionic strength, pH and
onic composition [14–18]. The dynamic aspect of actual nanopar-

icle concentration in various assay media should be studied in a
ystematic manner.

The surface charge was characterized in terms of pHzpc and zeta
otential measurements in MHW using ZetaSizer 3000HSa (Mar-
in Instrument). At pH 7 in MHW, the zeta potential was −10 and
aterials 187 (2011) 502–508 503

15 mV for TiO2 P25 and �-Al2O3, respectively. The pHpzc (point of
zero charge) was 5.5 and 8.9 for TiO2 P25 and �-Al2O3, respectively.
The zeta potential for TiO2 and Al2O3 were comparable to liter-
ature data with slight deviation for Al2O3 [14], which was likely
due to the difference in the crystal structure of the nanoparticle,
solution chemistry, specifically ionic strength and pH, in addi-
tion to possible experimental errors [15]. The specific surface area
was determined based on the Brunauer–Emmett–Teller multilayer
nitrogen gas adsorption (BET) theory (NOVA2000, Quantachrome
Corp) and a value of 47.7 and 89.8 m2 g−1 for TiO2 P25 and �-Al2O3
respectively was obtained. The surface properties and aggregate
size of the nanoparticles were summarized in supplemental mate-
rial (Table S1).

2.2. Cultivation of organisms

Unicellular green algae, Selenastrum capricornutum (renamed
as Pseduokirchneriella subcapatitata), and the cladocerans, C. dubia,
cultures were purchased from Aquatic Biosystems Inc. (Fort Collins,
CO, USA). C. dubia were cultured according to U.S. EPA guidelines
in synthetic MHW [19]. In brief, all C. dubia were incubated in
the growth chamber inside of a climate control room with 16-h
light/8-h dark photoperiod at room temperature of 26 ± 0.3 ◦C.

“All the experiments were carried out at light intensity of 1200 lx
using GE plant aquarium wide spectrum light bulbs to simulate
the solar light source (Fig. S3). These light fixtures provided out-
put in the UV region i.e., (below 400 nm). Thus, the light source
ensured the photoactivities of TiO2 P25 nanoparticles which band
gap is 3.0–3.2 eV (or corresponding to wavelength of 380–400 nm).
Consequently, the generation of ROS was expected.”

2.3. Growth assay

A dose–response growth assay was conducted on C. dubia in
order to evaluate the sub-lethal effects of nanomaterials. C. dubia
neonates (age difference <4 h) from the same brood board were
randomly distributed into a series of culture beakers containing
200 mL of growth medium with nanoparticles in the concentra-
tion range of 10–200 mg/L (ppm) for both nanomaterials. Every
24 h, C. dubia neonates were transferred to new growth cham-
bers containing freshly prepared nanoparticle suspensions at the
same initial concentrations. Food was added to the fresh medium
immediately after the adults were transferred to new growth
chambers. Each feeding consisted of 0.1 mL of YCT and 0.1 mL of
Selenastrum capricornutum concentrate per 15 mL of test solution
(note: 0.1 mL of algal concentrate containing 3.0–3.5 × 107 cells/mL
yielded 2–2.3 × 105 cells/mL in the test chamber upon dilution).
After 48 h, all living neonates were recovered and the body length
of individual C. dubia were recorded under Olympus AX70 micro-
scope (100×) (Olympus America Inc.). The individual C. dubia was
documented photographically and images were processed using
the software, Image-Pro plus (Media Cybernetics, Inc.).

2.4. Reproduction assay

The 3-brood reproduction test was performed according to EPA
Method 1002 with slight revision [19]. Neonates less than 24 ± 4 h
of age were used. The exposure concentrations were in the range
from 5 to 100 mg/L for both nanoparticles. Freshly prepared solu-
tions were used to renew the assay daily. The C. dubia was fed
daily immediately after transfer to new suspension with the same

food concentration as indicated above. The total number of young
C. dubia produced in the first 3-broods was summed. Reproduc-
tion data obtained from the chronic tests were used to calculate
the EC50 values by point estimation technique. Toxicity Relation-
ship Analysis Program version 1.00 (TRAP) from the national health
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ig. 1. (a) The body length of C. dubia after 48 h of exposure to TiO2 P25 and �-Al2
nd (b) dose–response curves of C. dubia of three-brood reproduction tests in the p

nd environmental effects research laboratory (NHEERL) of U.S. EPA
as used to analyze the data.

.5. Distribution of nanomaterials

The distribution of nanoparticles inside the animal body after
xposure was investigated by a whole mount confocal microscopy
nd a resin filtration and embedment method. For live C. dubia
maging, samples were placed in a single-well (no 1.5 Nalge Nunc
hamber-cover glass system) and observed under either a Zeiss
SM 5 DUO or LSM 510 NLO confocal microscope. The 488-nm
aser line of an Argon ion laser (25 mW) was used for excitation
f autofluorescence and reflected light simultaneously with a 505-
m long pass emission filter and 475-nm long pass emission filter,
espectively. Due to the optical opacity of dense aggregates of nano-
aterials, in order to visualize more clearly internal structures,

esin embedding and sectioning were used to produce C. dubia
lides for examination.

.6. Algal cells concentration

An assay was conducted to quantify the algal concentrations
vailable to C. dubia after exposure to nanoparticles. Culture cups
30 mL in volume) filled with 15 mL of MHW used to conduct the 3-
rood reproduction and the 24-h acute assay were employed here
o reproduce the true algal cell concentrations in those assays. Pre-
etermined Selenastrum capricornutum stock solution was added
o the cup yielding a 2 × 105 cell/mL of initial concentration. A pre-
etermined amount of TiO2 and Al2O3 stock solution was added to
he culture cup followed by proper dilution with MHW to produce
series of exposure concentrations. The suspension was left stand

till as in the 3-brood reproduction assay in the constant temper-
ture room. After a 24 h of exposure, 1 mL of the suspension was
aken from the upper portion of each culture cup and transferred
nto 15-mL centrifuge tube. The centrifuge tubes were refriger-
ted at 4 ◦C until further analyses for the algae density using an
lympus microscope AX70 and hemocytometer. Each sample was
ounted at least four times. At least five replicates were tested for
ach concentration or nanoparticles.

. Results and discussion
.1. Growth and reproductive responses

Fig. 1a shows the body length of C. dubia after 48 h of exposure
o the selected nanoparticles at various concentrations. In each test
Log Concentration, mg/L

various concentrations (*significantly different from the control, ANOVA, p < 0.05),
e of TiO2 and �-Al2O3 nanoparticles.

concentration, about 15 C. dubia neonates were cultured in the test
suspension at the onset of each experiment. All survived and intact
C. dubia were used to calculate the average body length. ANOVA
single factor analysis was performed to determine if the treated
group was significantly different from that of the control group
using a p value of 0.05. The average body length of C. dubia in 5
control groups (total of 85 individuals) was 0.52 ± 0.04 mm after
48 h of exposure. Results indicated that both nanomaterials delayed
the development or growth of C. dubia at concentration of 100 mg/L.
It is interesting to note that although TiO2 P25 is known to have high
photo-catalytic capability, its inhibitory effect is similar to that of
Al2O3, which is not photosensitive. Over the concentration range
studied, both TiO2 and Al2O3 had similar impact on the growth of C.
dubia. Surprisingly, at the concentration of 100 mg/L, Al2O3 reduced
the body length of C. dubia significantly than TiO2 P25. The average
body length was 0.38 mm in the presence of Al2O3 versus 0.47 mm
when TiO2 nanoparticles were present.

Fig. 1b shows the dose–response curve assessing the long-term
effect of nanoparticles on neonates in 3-brood reproduction assay.
Consistent with the above growth tests, TiO2 P25 and Al2O3 yielded
no significant difference in reproductive capability at the 95% level
by ANOVA analysis with an EC50 value of 42 and 45 mg/L, respec-
tively, although TiO2 is highly photo-active and Al2O3 is not.

The growth of C. dubia was delayed significantly at concen-
tration of 100 mg/L for both nanoparticles. At concentrations of
50 mg/L, TiO2 nanoparticles delayed the growth of C. dubia by
4.2% and Al2O3 nanoparticles showed no effects compared to
control group. In contrast, C. dubia suppressed reproduction by
approximately 50% at concentration of 50 mg/L, suggesting C. dubia
allocated limited energy source for growth rather than reproduc-
tion, a survival strategy under adverse conditions prioritizing its
energy allocation in response to environmental stress. Both results
of reproduction and growth assays indicated that there was no
difference in toxic responses between photoactive TiO2 and non-
photoreactive Al2O3. This suggested that the generation of ROS was
not the major stress for C. dubia. Rather other factors such as inter-
actions among nanoparticles, algal cells and C. dubia and associated
impacts on the animals should be considered.

3.2. Distribution of nanoparticles
The distribution of nanoparticles in adsorbed, trapped, or
ingested state on Daphnia was visualized first using confocal micro-
scope. The technique allows direct observation of the responses of
C. dubia to nanoparticles in situ. These real-time images represent
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Fig. 2. (a)–(d) The 3D confocal images of representative C. dubia exposed to 50 mg/L of TiO2 with 2-h exposure time. (a) The fluorescent (green) image of C. dubia, (b) the
reflection (white) image of TiO2, (c) combination of the reflection (white) and fluorescent (green) channels: I, TiO2 attached on and under the carapaces; II, TiO2 clusters
accumulated on the joints; III, TiO2 particles attached to the abdominal appendages; IV, TiO2 and algal cells clusters in the suspension, and (d) another C. dubia with digestive
tract full of TiO2 particles. (e) and (f) Confocal images of C. dubia exposed to TiO2 fixed in resin and sliced in sections. (e) Transmitted light image of the C. dubia section
showing the oblique section of the digestive tract. See the enlarged frames of (f)–(h) in their corresponding panels below. (f) Mix of the transmitted light, resin and TiO2

r onfoc
( 0 �m
t

t
t

t
a
t
a
t
F
c
t
s
t
c
a
r
n
w
(

fi
a
c
t
r
e
i
(
t
o
n
s

eflection signal (green). TiO2 particles attached to the tissue of C. dubia (V). (g) 3D c
h) egg in the brood chamber with attached TiO2 particles (VI). (c)–(e) scale bar = 10
he reader is referred to the web version of the article.)

he most direct visualization of how nanomaterials interact with
he living C. dubia and vice versa.

Fig. 2 shows the typical 3D confocal images of C. dubia exposed
o TiO2 nanoparticles. The nanoparticles were found trapped inside
nd/or on the carapaces of C. dubia (Fig. 2c, I), accumulated between
he joints (Fig. 2c, II), and/or attached to the area of abdominal
ppendages. It was also noted that the nanoparticles were able
o attach to algal cells and formed large aggregates as shown in
ig. 2c, IV. The physical interaction between nanoparticles and algal
ells was crucial to the colloidal stability of the nanoparticles and
he concentration of free algal cells in the growth media. Results
howed that a thick layer of TiO2 nanoparticles were adsorbed on
he algae cell surface in the presence of TiO2 nanoparticles at con-
entration in the range of 10–100 mg/L (Fig. S3). Large TiO2–algae
gglomerates in the range of 6–45 �m were formed and settled
eadily [18]. Thus, it must be noted that the concentrations of both
anoparticles and algal cells could be affected. TiO2 nanoparticles
ere also found in the digestive tract of C. dubia as seen in Fig. 2d

white tract as indicated by the arrows).
Resin embedding and sectioning technique, which chemically

xates and transfers biological materials into a cross-linked matrix
nd preserves the physical integrity of cellular components, was
hosen to reveal the interaction between the internal organs and
he nanoparticles. Fig. 2e–g presents typical confocal images of
esin embedded and semi-thick sectioned (∼10 �m thick) C. dubia
xposed to nano TiO2 particles. The TiO2 nanoparticles were found
n the digestive tract (Fig. 2g), tissues (Fig. 2f), brood chambers

Fig. 2h), and appendages. It is also noted that, though a large quan-
ity of TiO2 nanoparticles were present in the gut, the good shield
f the gut wall retained them securely without particle leakage as
o TiO2 signal (white) appeared outside the gut wall (Fig. 2g). This
uggested that the nanoparticles were not able to penetrate the
al images of reflective TiO2 particles (white) in the digestive tract tissues (red) and
, (f)–(h) scale bar = 10 �m. (For interpretation of the references to color in the text,

gut wall after they were ingested. With the assistance of imaging
tools, it is possible to propose preliminary exposure pathways of
nanoparticles to filter-feeding organisms such as C. dubia: direct
contact, ingestion, and internal tissue/embryo contacts.

3.3. Dynamic energy budget (DEB) model

To quantify the overall energy budget of C. dubia in the pres-
ence of two nanoparticles, the DEB model was applied, which
successfully predicted the life history of an animal under various
environmental conditions, such as food availability, temperature,
and population density [20–23]. According to the DEB model, the
food ingested (I) and assimilated (A) by an animal is used for life-
support functions, i.e. maintenance (M), storage/growth (S), and
reproduction (R) [22,24,25]. For a closed biological system, the
overall energy balance can be summarized as Eq. (1) [22,24,25]:

A = M + S + R (1)

Detailed DEB methodology, model equations and parameters
are summarized in Tables S2 and S3 respectively in supplemental
material.

Algal cells, as the only food source, are crucial to C. dubia energy
assimilation. The quality and density of algal cells are known to
influence the energy assimilation rate, subsequently affecting the
development, fitness and reproduction of C. dubia [22,24,25]. The
culture medium, consisting of various monovalent and divalent

ions, can lead to the aggregation of nanoparticles followed by par-
ticle destabilization. In the meantime, the nanoparticle aggregates
interact with the algal cells, forming clusters as shown in Fig. 2.
Thus, the quality and the quantity of the algal cells were subse-
quently impaired.
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F
c

ig. 3. Algal cell concentrations after 24 h exposure to various concentration of TiO2

25 and �-Al2O3 (*significantly different than control, ANOVA, p < 0.05).

Results indicated that the algal cell concentration was reduced
y about 1000 times in the presence of 200 mg L−1 of �-Al2O3
Fig. 3), which reduced assimilation energy consequently. The algal
ell concentration was reduced from 5 × 104 to 64 cell/mL and from
× 104 to 860 cell/mL in the presence of 200 mg/L of �-Al2O3 and
iO2 P25, respectively. This suggested that the food source avail-
ble to C. dubia was influenced significantly by the presence of both
anoparticles, which subsequently influence the energy uptake of
he C. dubia.

The ingestion rate and assimilation rate of 7-day C. dubia
xposed to nanomaterials at various concentrations were first mod-
led based on the measured algal density (Fig. 3). The body weight
sed in the model was measured as described in Table S4 (supple-
ental material) and a scaling factor of 0.42 was used to convert

he body weight to body carbon content [23,26]. Fig. 4 shows the
redicted ingestion rate (I), energy assimilation rate (A), and assim-

lation efficiency (EA) as a function of nanoparticle concentration.
Both nanoparticles exhibited quite similar trends in the energy

ssimilation rate of C. dubia. The predicted ingestion rate decreased

rom 20.1 to 3.4 �g-C/animal/day as the concentration of TiO2
anoparticles increased from 0 (i.e., control) to 200 mg/L. For
-Al2O3 nanoparticles; the ingestion rate was reduced from
0.1 to 0.3 �g-C/animal/day when the particle concentration was
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increased from 0 (of control) to 100 mg/L. Also, there was marked
reduction in the assimilation energy rate in the presence of
nanoparticles, a decrease from 11.0 to 2.9 and from 11.0 to 0.3 �g-
C/animal/day in the presence of 200 mg/L of TiO2 and Al2O3,
respectively.

It was noted that there was a large difference between the rate
of ingestion energy and assimilation energy at low particle con-
centration (or high food concentration). Apparently the organism
can adjust its assimilation efficiency (EA) automatically [27,28]. A
negative correlation between energy assimilation efficiency and
food availability was the common strategy to maximize energy
capture [27,28]. Therefore, at high nanoparticle concentrations
(or food scarcity), the animals tend to increase their assimilation
efficiency.

Another factor, critical to the fitness of organisms is body weight.
Adsorption of nanoparticles physically increased the body burden
of C. dubia. Hence, the corresponding maintenance expenditure
increased accordingly. Fig. 4 also shows the predicted maintenance
energy in the presence of nanomaterials at various concentra-
tions. The energy allocated to maintenance increased slightly with
increase in the concentration of nanomaterials. The maintenance
expenditure was ca. 3.4 �g-C/animal/day without nanoparticles
and increased to 5.0 and 4.2 �g-C/animal/day in the presence of
200 mg/L of TiO2 P25 and �-Al2O3, respectively.

Food availability has not been explored in most current nanotox-
icity studies. The total energy captured by an organism is essential
to life support and is dependent on the availability of foods. The
presence of nanomaterials can deplete food supplies due to interac-
tions between nanoparticles and foodstuffs, such as by adsorption,
and aggregation and destabilization of particles. Even the presence
of small amounts of electrolytes in the growth media, such as the
MHW commonly used in the EPA toxicity testing protocols, can
induce aggregation and sedimentation of nanoparticles, as well as
the depletion of biologically accessible food sources or nutrients.
Reduction of food supply is known to delay the development and
growth of animals and inhibit their reproduction ultimately. Many
researchers have reported a positive relationship between the food
availability and body length and weight [28,29]. For example, at a
food concentration of 1.0 mg-C/L, the average body length of 10-
day old D. galeata was 2.1 mm, which was reduced to 1.6 mm when
The measured algal cells concentration and simulation results indi-
cated that the energy uptake of C. dubia was disrupted due to the
presence of nanoparticles, which contributed to the growth delay
observed.
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ig. 5. (a) The relationship between concentration of nanoparticles and energy o
nergy allocated to growth and reproduction in the presence of TiO2 (solid symbol
f 2.5–3.0 �g-C/animal/day was observed, which represented the minimal energy r

The Daphniidae are also able to adjust the sexuality, population,
nd fitness of their offspring in response to the food conditions
27,30]. They are capable of assessing food abundance in the sur-
ounding environment and adjust their reproductive strategies
ccordingly. Richman reported that, under high food supply con-
itions (e.g. 1 × 105 algae cells/mL/day), the energy allocated for
eproduction was ca. 70%; whereas when food abundance was lim-
ted (e.g. 0.25 × 105 algae cells/mL/day), the total energy allocated
or reproduce was decreased to 52% [27]. Pereira et al. showed
hat food abundance alone could dramatically affect the reproduc-
ive capability [30]. For D. magna, the total number of offspring
as reduced from 82 to 29 when the food supply decreased from

.5 × 105 to 0.75 × 105 cells/mL. The inhibition in reproduction,
elay of body development, and other interruptions in body fit-
ess observed in this study could be at least partially attributed to
he fluctuation in food abundance, caused by the aggregation and
ettlement of nanoparticles.

Fig. 5a shows the relationship between the concentration of
anoparticles and the energy for growth and reproduction based
n the measured algal cell concentrations. As the concentration of
anoparticles increased, the energy for growth and reproduction
ecreased due mainly to the diminishing in food supply. Fig. 5b
hows the relationship between the observed reproduction and the
redicted energy allocation for growth and reproduction (S + R).

t was observed that with an increase in nanoparticle concen-
ration, the energy used for growth and reproduction decreased
ccordingly, which were concurrent with decrease in total neonate
umber. Energy allocated for growth and reproduction was 7.7
nd 7.8 �g-C/animal/day, respectively, for the control groups. The
hreshold energy was ca. 2.5–3.0 �g-C/animal/day, at which the
nimals stopped reproducing.

The predicted energy allocation pattern matched well with
xperimental observations. Results of reproduction experiments
ndicated that when the concentrations of both nanomaterials were
a. 50 mg/L, the reproduction capability of C. dubia was reduced by
alf (from 24 to 12 neonates) (Fig. 1b). The DEB model indicated that
t a concentration of 50 mg/L of nanoparticles, the energy difference
llocated for the growth and reproduction was close, i.e. 4.7 and

.9 �g-C/animal/day, respectively, for TiO2 and Al2O3. It is noted
hat these values are right in the middle of those of 2.5–3.0 and
.7–7.8 �g-C/animal/day, respectively, for TiO2 and Al2O3 when C.
ubia stopped reproduction in the absence of nanoparticles, i.e.,
ontrol.
th and reproduction. (b) The reproductive capability of C. dubia as a function of
Al2O3 (open symbols) nanomaterials at various concentrations. Threshold energy
d for the growth of C. dubia.

Under optimal condition, the Daphniidae allocated more than
70% of assimilated energy to reproduction which was consistent
with results of classic DEB studies that the growth and reproduction
of aquatic animals are controlled by their energy allocation pattern
[23,25]. When environmental conditions change, specifically, low
food availability, Daphniidae reduce the energy available for repro-
duction as a self-adjusting mechanism for survival [27]. If the food
condition becomes worse, the energy assimilated is used barely to
maintain the basic body functions and the growth and reproduction
activities will cease eventually. Our results indicated presence of
both nanoparticles diminished the food available to C. dubia at EC50
concentration. Thus, the food availability and energy uptake disrup-
tion were, at least partially, contributed to the observed negative
responses caused by nanoparticles.

Based on model calculations, the C. dubia suspended its repro-
duction function when the total energy allocated for growth
and reproduction was reduced to around 2.5–3.0 �g-C/animal/day
which corresponded to nanoparticle concentrations of between 50
and 100 mg/L (Fig. 5a). Moreover, at a particle concentration of
ca. 100 mg/L, C. dubia showed a delay in growth. The DEB model
indicates that at this concentration, the assimilation energy is less
than that for maintenance. This implied that the energy obtained
by the animals was barely sufficient to maintain the very basic body
functions and that there was no extra energy allocated for growth
and reproduction. Thus, the growth of C. dubia is disrupted as well,
which is consistent with our experimental observations. The mod-
eling results suggested clearly that the energy budget allocation
pattern is a function of the concentration of nanomaterials. The
available energy allocated for growth and reproduction is signif-
icantly decreased in the presence of nanomaterials. This energy
disruption should at least be partially responsible for the adverse
effects observed.

4. Conclusions

Research presented herein demonstrated no statistical differ-
ence responses of C. dubia were observed in the presence of same
concentration of highly photoactive TiO2 and a non-photocatalytic

Al2O3. Both nanomaterials inhibited the growth of C. dubia at con-
centrations ca. >100 mg/L. The EC50 value was 42 and 45 mg/L in the
presence of TiO2 and Al2O3, respectively, based on 3-brood repro-
duction assay, with no statistical difference. This implies that ROS
may not be totally responsible for the adverse effects experienced
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