
Arsenate Accumulation, Distribution, and Toxicity Associated with
Titanium Dioxide Nanoparticles in Daphnia magna
Mengting Li,†,§ Zhuanxi Luo,*,†,‡ Yameng Yan,† Zhenhong Wang,†,‡ Qiaoqiao Chi,† Changzhou Yan,*,†

and Baoshan Xing‡

†Key Laboratory of Urban Environment and Health, Institute of Urban Environment, Chinese Academy of Sciences, Xiamen 361021,
China
‡Stockbridge School of Agriculture, University of Massachusetts, Amherst, Massachusetts 01003, United States
§University of Chinese Academy of Sciences, Beijing 100049, China

*S Supporting Information

ABSTRACT: Titanium dioxide nanoparticles (nano-TiO2) are widely used
in consumer products. Nano-TiO2 dispersion could, however, interact with
metals and modify their behavior and bioavailability in aquatic environments.
In this study, we characterized and examined arsenate (As(V)) accumulation,
distribution, and toxicity in Daphnia magna in the presence of nano-TiO2.
Nano-TiO2 acts as a positive carrier, significantly facilitating D. magna’s ability
to uptake As(V). As nano-TiO2 concentrations increased from 2 to 20 mg-
Ti/L, total As increased by a factor of 2.3 to 9.8 compared to the uptake from
the dissolved phase. This is also supported by significant correlations between
arsenic (As) and titanium (Ti) signal intensities at concentrations of 2.0 mg-
Ti/L nano-TiO2 (R = 0.676, P < 0.01) and 20.0 mg-Ti/L nano-TiO2 (R = 0.776, P < 0.01), as determined by LA-ICP-MS. Even
though As accumulation increased with increasing nano-TiO2 concentrations in D. magna, As(V) toxicity associated with nano-
TiO2 exhibited a dual effect. Compared to the control, the increased As was mainly distributed in BDM (biologically detoxified
metal), but Ti was mainly distributed in MSF (metal-sensitive fractions) with increasing nano-TiO2 levels. Differences in
subcellular distribution demonstrated that adsorbed As(V) carried by nano-TiO2 could dissociate itself and be transported
separately, which results in increased toxicity at higher nano-TiO2 concentrations. Decreased As(V) toxicity associated with lower
nano-TiO2 concentrations results from unaffected As levels in MSFs (when compared to the control), where several As
components continued to be adsorbed by nano-TiO2. Therefore, more attention should be paid to the potential influence of
nano-TiO2 on bioavailability and toxicity of cocontaminants.

1. INTRODUCTION

Potential health hazards and environmental impacts of
manufactured nanoparticles (MNPs) have become a significant
concern with the rapid development of nanotechnology.1−4

Some nanoparticles, such as nanosized titanium dioxide (nano-
TiO2), are used in a variety of consumer products, such as
sunscreens, cosmetics, paints, and surface coatings5 as well as in
the environmental decontamination of air, soil, and water.6,7

Such widespread use raises concern that nano-TiO2 could pose
a risk to both ecosystems and human health.8−11

Most previous studies on health risks and environmental
impacts of nano-TiO2 have focused on their biological effects
and toxicity levels. Production of reactive oxygen species
(ROS) and their subsequent inflammatory effects are
considered the main mechanisms for nano-TiO2 toxicity.

12−14

For aquatic organisms, several studies considered the effects of
nano-TiO2 on water fleas (Daphnids magna, Daphnia pulex, and
Ceriodaphnia dubia), and 48-h EC50 were generally greater
than 100 mg/L.15−17 Additionally, nanoparticles can adsorb
metals and organic contaminants due to their large surface
areas;18−20 nano-TiO2 sorption behavior includes electrostatic

forces and chemical bonding. It has been well established that
nano-TiO2 has the potential to facilitate the entry of
cocontaminants adsorbed by nanoparticles into aquatic
organisms and to subsequently promote potential toxic effects.
A previous study demonstrated that when exposed to As(V)-
contaminated water in the presence of nano-TiO2, arsenic (As)
concentrations in carp increased by 132% after 25 d exposure.21

Another study stated that the presence of nano-TiO2 increased
cadmium (Cd) concentrations in carp by 146%, and that a
positive correlation existed between Cd and nano-TiO2

concentrations.22 In a recent study, Yang et al.23 found that
nano-TiO2 acted as a Cd bioaccumulation carrier for ciliate
Tetrahymena thermophila. Hence, nano-TiO2 can transport
cocontaminants into aquatic organisms.
However, little available information describes the impact of

nanoparticles on biokinetics of various cocontaminants in
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aquatic organisms, particularly for the spatial and subcellular
distribution of cocontaminants associated with nanoparticles.
Total bioaccumulation, measured as the whole-body metal
content, is often a poor indicator of toxicity, which suggests that
the manifestation of toxicity in these organisms can be the
result of a site-specific accumulation in sensitive tissues.24 Thus,
“conventional” analytical methods (such as AAS, ICP-OES, and
ICP-MS after whole-body sample digestion) are not well-suited
as a means to gain further insight into how nanoparticles and
cocontaminants affect aquatic organisms. This is because they
only reveal whole-body concentrations and do not provide
information related to tissue-specific elemental distribution.
Laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) is rapidly emerging as the method of choice in
obtaining detailed and sensitive visualization of elemental
distribution within biological samples.25−28 The main advan-
tages of LA-ICP-MS technologies are in their instrumentation
accessibility, high sample throughput, their significantly lower
rates of polyatomic ion formation, excellent detection limits
(down to subμg/g levels under optimum conditions), and a
lateral resolution of only a few μm. Therefore, using mapping
technologies with higher resolutions can help obtain valuable
spatial distributions of cocontaminants associated with nano-
particles taken up by aquatic organisms as well as aid us in
determining where nanoparticles transport cocontaminants and
where they subsequently accumulate. However, spatial
distribution of cocontaminants associated with nanoparticles
has not been previously investigated.
It is also critical to understand internal processes of

accumulated cocontaminants in the presence of nanoparticles.
Subcellular partitioning of metals within aquatic invertebrates
can reflect the internal processing during metal accumulation
and provide valuable information concerning metal toxicity and
tolerance.29,30 Manifestations of sublethal toxicity can coincide
with changes in subcellular partitioning, particularly in cases
where saturation of certain metal detoxification systems take
place.31 Similarly, partitioning of metal conglomerates or metal-
rich granules (MRG) and binding with inducible metal-binding
proteins (metallothioneins, MT) can reveal metal detoxifica-
tion, which has been linked to metal tolerance and resistance.32

Subcellular distribution of nanoparticles with cocontaminants
based on subcellular partitioning could aid in our under-
standing of internal processes related to the accumulation of
cocontaminants and thus further our understanding of their
combined toxicity.
The aims of this study were to quantify accumulation, spatial

and subcellular distribution, and toxicity of arsenate (As(V))
associated with nano-TiO2 owing to the high risk of potential
As contamination on a global scale.33 More importantly, there is
presently little information available on accumulation and the
subsequent spatial and subcellular distribution of As(V)
associated with nano-TiO2 as well as its toxicity in aquatic
organisms. We used Daphnia magna, an ecologically important
freshwater zooplankton, as the model organism. This study will
better clarify potential hazards of manufactured nanoparticles as
carriers of cocontaminants.

2. MATERIALS AND METHODS
2.1. Preparation and Characteristics of Test Solutions.

We obtained uncoated, powdered nanoscale Degussa A100
TiO2 (nano-TiO2) nanoparticles (99.7%, anatase, CAS No.
1317-70-0) with an average surface area of 50 m2 g−1 and a
particle size of 25 nm from Sigma-Aldrich Corporation (St.

Louis, MO, USA). These A100 particles were composed of
100% anatase TiO2. A stock solution of 1.0 g-Ti/L nano-TiO2
was prepared by dispersing nanoparticles in ultrapure water
(Millipore, Billerica, MA, USA) and applying sonication for 10
min (50 W L−1 at 40 kHz), and a further 10 min application of
sonication was conducted each day immediately before dosing.
In addition, we observed nano-TiO2 aggregate morphology in
test solutions using a scanning electron microscope (SEM, S-
4800, Hitachi, Japan). We then determined the average
diameter and ζ-potential of nano-TiO2 by a dynamic light
scattering device (DLS, Malvern Instruments Ltd., Malvern,
UK). We used Na3AsO4·12H2O to prepare arsenate stock
solutions. A stock solution was made at a concentration of 100
mg/L. We stored stock solutions in the dark at 4 °C until usage.
For the adsorption experiments, we prepared all exposure

media 1 h prior to use to allow As(V) adsorption on nano-TiO2
to reach equilibrium. We did this by diluting the stock solution
with the daphnia culture medium (SM7, containing only CaCl2,
MgSO4, K2HPO4, KH2PO4, NaNO3, NaHCO3, Na2SiO3,
H3BO3, and KCl without disodium ethylenediaminetetraacetic
acid, trace metals, or vitamins) reconstituted according to the
OECD guideline standard.34

2.2. Arsenate Adsorption on Nano-TiO2. It is essential to
understand As adsorption behavior on nano-TiO2 in bio-
kinetics. To study As(V) adsorption on nano-TiO2, we
prepared 2 and 20 mg-Ti/L (final concentration) nano-TiO2
suspensions in a high-density polyethylene beaker containing
100 mL of SM7. As(V) was then added to nano-TiO2
suspensions (1 μM As). We collected 1.5 mL of the nano-
TiO2 suspension at 0.5, 1, 2, and 3 h and centrifuged twice for
10 min at 12 000g using a high-speed centrifuge (from which
91.8% to 95.0% of nano-TiO2 was removed). We then used 1
mL of the collected supernatant and 1 mL of the original nano-
TiO2 suspension to measure As concentrations. We sub-
sequently calculated the As(V) percentage adsorbed on nano-
TiO2 (n = 3).

2.3. Test Organism. We obtained D. magna from Sun Yat-
sen University (Guangzhou, China) and continuously cultured
the medium in our laboratory. We fed Scenedesmus obliquus to
D. magna daily at a density of 105 cells/mL, and we changed the
water every 2 days. We maintained the culture at a constant
temperature (22 °C ± 2 °C) under a natural light−dark cycle.

2.4. Toxicity Experiment. We conducted a 24 h long
toxicity experiment based on the modified OECD standard
procedure.34 There were eight As(V) concentrations in total (0,
5, 10, 15, 20, 30, 40, and 50 μM) as well as three nano-TiO2
levels (0.0, 2.0, and 20.0 mg-Ti/L) in the medium. We
conducted As(V) and nano-TiO2 toxicity experiments sepa-
rately to serve as controls on assessing nano-TiO2 effects on
As(V) toxicity. For each treatment, we placed 10 neonates
(from 6 to 24 h old) of similar size from a designated brood in
a 50 mL glass beaker containing 30 mL of the test solution. We
assessed the mortality of individuals in each container at the
end of this experiment. Organisms that did not swim within a
15 s period of gentle agitation were considered deceased.34 We
conducted all experiments in triplicate. We calculated 24-h
EC50 values as well as their associated 95% confidence intervals
(95% CI) using a probability unit graphical method. We
designated the no observed effect concentration (NOEC) value
as the highest tested concentration when compared to the
control with no statistically significant effects within the
exposure period.
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2.5. Accumulation Experiments. For accumulation
experiments, we exposed D. magna to As(V) adsorbed in
either low (2.0 mg-Ti/L) or high (20.0 mg-Ti/L) concen-
trations of nano-TiO2 for 3 h. We prepared nano-TiO2 test
solutions along with three final levels of 0 (control), 2, and 20
mg-Ti/L in beakers by diluting the nano-TiO2 stock. The final
As(V) exposure concentration was also 1 μM. We employed
three replicates for each treatment, each containing 200 7-day
old daphnia specimens of similar size (1 individual/10 mL). We
first removed daphnids and allowed them to evacuate their guts
for 3 h in a SM7 medium without food particles present.35 We
used short-term exposure to measure the unidirectional influx
under the assumption that the efflux was negligible during the
initial exposure phase.35 We collected 10 daphnids at 20, 40, 60,
90, 120, and 180 min from each of the three exposure beakers
for arsenic and Ti content analysis. At 180 min, we collected 5
and 100 daphnids from each of the three exposure beakers for
spatial and subcellular distribution analysis, respectively. We
washed the collected daphnids for a few seconds in ultrapure
water to remove the surrounding exposure medium, and then
washed the samples in 5 mM Na2EDTA for 1 min to remove
externally bound nanoparticles and aggregates. Then we used a
0.1 M potassium phosphate buffer (pH 7.0) to remove arsenic.
After quickly washing in ultrapure water to remove the EDTA
and potassium phosphate buffer, we put the daphnids samples
into bullet vials.36 Water samples were also collected at this
point in time. For particle content (the body burden of arsenic
and titanium in daphnia) analyses, sampled daphnia were
treated following a modified method by Nathalie Adam et al.36

Briefly, after 50 μL of HNO3 (69%) and (after 12 h) 50 μL
of HF (40%) were added, daphnids were dissolved 4 h later by
microwave digestion (4 min 100 W, 3 min 180 W, 2 min 180
W, 2 min 300 W, 2 min 300 W, 2 min 450 W), after which the
samples were diluted to 1−2% HNO3. We then used an Agilent
7500a ICP-MS to analyze As and Ti. Detailed procedures can
be found in the Supporting Information section.
2.6. Spatial Distribution Experiments. We oven-dried

the collected daphnids to a constant weight of 60 °C overnight.
Laser sampling was conducted using a GeoLas 2005 system.
We transported the laser-generated aerosol from the ablation
cell to the ICP-MS instrument using a 1 m transfer tube with an
internal diameter of 3 mm. The standard GeoLas 2005 ablation
cell is a closed-cell design and basically consists of a cylindrical
volume of approximately 40 cm3. We placed an in-house
sample mount in the cell, which reduces the effective cell
volume to ∼14 cm3. We used helium for its advantages as a
carrier gas.37,38 We used argon (Ar) as the makeup gas and
mixed it with the carrier gas via a T-connector before exposure

to inductively coupled plasma (ICP). We used an Agilent 7500a
ICP-MS instrument to acquire ion-signal intensities. Detailed
operating conditions for the laser and the ICP-MS instrument
are provided in Table S1.

2.7. Subcellular Distribution Experiments. We deter-
mined subcellular partitioning of total As and Ti in D. magna
body tissues using the methods of differential centrifugation
described by Wang et al.29 We obtained a total of five different
fractions, including cellular debris (containing cell membranes),
organelles (containing nuclear, mitochondrial, microsomes, and
lysosomes), heat-denatured protein (HDP, containing en-
zymes), heat-stable protein (HSP, or metallothionein-like
proteins), and metal-rich granules (MRG). We separately
assayed all fractions for total As and Ti concentrations to allow
us to estimate As and nano-TiO2 subcellular partitioning.
Results are expressed in mg (dry weight) per individual. The
rate of recovery of the subcellular fraction was approximately
86% to 105%.

2.8. Statistical Analysis. We repeated all experiments
independently on three separate occasions, and data were
recorded as means with standard deviations (SD). We
evaluated the homogeneity of variance, and used one-way
analysis of variance (ANOVA) with a Tukey’s range test to
detect significant differences between control and treated
groups. We utilized the Spearman’s rank correlation coefficient
test to determine correlations between As and Ti intensities in
LA-ICP-MS maps. We considered P < 0.05 statistically
significant for all data analysis.

3. RESULTS AND DISCUSSION
3.1. Nano-TiO2 Characterization and Arsenate Sorp-

tion. Using SEM, we observed that nano-TiO2 tended to
aggregate with sizes from a few hundred nanometers (nm) to
several micrometers (μm) in diameter in the SM7 medium
(Figure 1). The average nano-TiO2 diameter measured by DLS
increased from approximately 250 to 600 nm with increasing
concentrations of nano-TiO2 from 2.0 to 20.0 mg-Ti/L in the
SM7 medium. This indicated that the aggregate formation was
concentration-dependent. According to UV−vis, with initial
concentrations of 2.0, 10.0, and 20.0 mg-Ti/L, 60.0%, 52.0%,
and 43.0% of TiO2 nanoparticles remained in the daphnia
media supernatant, respectively, after 24 h (SI, Figure S1),
suggesting that any daphnia within the water column will be
exposed to nanoparticulate aggregates for an extended period.
Additionally, the size of nano-TiO2 in media in the presence of
As(V) significantly decreased and showed greater stabilization
compared to the size of nano-TiO2 in the absence of As(V).
Specifically, when 0, 1, 10, and 100 μM As(V) was added to

Figure 1. SEM images of nano-TiO2 aggregates (20.0 mg-Ti/L) in culture medium (pH 8.0). Panels A and B were taken from the same sample, but
panel B is at a higher magnification.
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20.0 mg-Ti/L of nano-TiO2, average diameters of nano-TiO2
were 600, 580, 530, and 470 nm, respectively. Consistent with
the size decrease, the ζ-potentials also dropped dramatically.
When 0, 1, 10, and 100 μM As(V) was added to 20.0 mg-Ti/L
of nano-TiO2, the ζ-potential of the solutions were −0.71 ±
0.05, −4.90 ± 0.08, −15.20 ± 0.52, and −29.70 ± 1.21 mV,
respectively. We can infer that the electrostatic repulsion
between nano-TiO2 particles was enhanced because nano-TiO2
and As(V) are both negatively charged. Therefore, after the
addition of As(V), nano-TiO2 suspension stability significantly
increased, resulting in potential ecological accumulation of
relative As(V) in D. magna within the water column.39,40

As(V) adsorption onto 2.0 and 20.0 mg-Ti/L nano-TiO2 are
provided in Figure 2. Adsorption occurred rapidly with

equilibrium occurring within the first 30 min. Additionally,
more As(V) can be adsorbed with greater amounts of nano-
TiO2 (Figure 2). Specifically, 56.0% and 98.0% of As(V) (1
μM) can be adsorbed onto 2.0 and 20.0 mg-Ti/L nano-TiO2,
respectively (Figure 2).
3.2. Arsenate Toxicity Associated with Nano-TiO2.

Although other studies have investigated the toxic effects of
As(V) or nano-TiO2 on D. magna,

41,42 our study provides some
of first published data on acute As(V) toxicity under the
influence of nano-TiO2. The median growth inhibition
concentration (24-h EC50) of As(V) was 1.2 mg/L for D.
magna in the absence of nano-TiO2. No mortality was found in
nano-TiO2 concentrations less than 100 mg/L. For this reason,
the contribution of bare nano-TiO2 to mortality can be
neglected in the following discussion. Despite that nano-TiO2
had no observable toxic effects on D. magna at concentrations

less than 20.0 mg-Ti/L, it may still have influence on the
toxicity of As(V). To validate this hypothesis, we examined
toxic effects of As(V) in the presence of nano-TiO2. It is
interesting to note that the addition of nano-TiO2 had an
unexpected dual effect on As(V) toxicity in D. magna. Namely,
As(V) toxicity on D. magna first decreased at 2 mg-Ti/L nano-
TiO2 and then increased at 20 mg-Ti/L nano-TiO2 (Figure S2).
Compared to the control, 24-h As(V) EC50 of 1.68 mg/L
increased by a factor of 1.4 in the presence of 2.0 mg-Ti/L
nano-TiO2, whereas 24-h As(V) EC50 of 0.72 mg/L decreased
by 40.0% in the presence of 20.0 mg-Ti/L nano-TiO2. At first,
nano-TiO2 reduced toxic effects of As(V) at a lower nano-TiO2
concentration (2.0 mg-Ti/L). Rosenfeldt et al. reported that
48-h As(V) EC50 values increased by 32% in D. magna in the
presence of 2.0 mg/L nano-TiO2.

43 This result was consistent
with ours at the lower nano-TiO2 concentration. However, our
results were in sharp contrast to Wang et al.,44 who reported an
increase in As(V) toxicity in Ceriodaphnia dubia in the presence
of either lower or higher nano-TiO2 concentrations (from 1 to
300 mg-Ti/L). The different model organisms used between
the studies could be one potential explanation for this disparity.

3.3. Arsenate Accumulation Associated with Nano-
TiO2 in Daphnia magna. As(V) uptake by D. magna clearly
increased with increasing nano-TiO2 concentrations (Figure 3).
After exposing D. magna to a series of nano-TiO2
concentrations for 3 h, the dry-weight concentration factor
(DCF) for total As and Ti increased (P < 0.05, n = 3), following
a nonlinear pattern with apparent saturation, and uptake
processes were biphasic (Figure 3). We observed a linear
uptake of As(V) (r2 = 0.98, 0.99, and 0.99) and nano-TiO2 (r

2

= 0.97 and 0.98) within the first 80 min, but As(V) and nano-
TiO2 uptake apparently reached saturation after 80 min of
exposure. As nano-TiO2 concentrations increased from 2 to 20
mg-Ti/L, total As DCF increased by a factor of 2.3 to 9.8
compared to uptake during the dissolve phase (Figure 3a) after
3 h exposure. At the same time, equilibrium concentrations of
Ti increased from 1.3 to 5.6 mg/g as initial concentrations of
nano-TiO2 increased from 2.0 to 20.0 mg-Ti/L.
Such increases in As(V) accumulation with increasing nano-

TiO2 concentrations could be attributed to nanoparticulate
ingestion (Figure 3b). Daphnia magna were able to consume
particles of 0.4−40 μm in size,45,46 and nano-TiO2 tended to
aggregate and agglomerate in the exposure medium, which
could easily be seized by Daphnia magna. It had also been
reported that D. magna ingest bacteria of approximately 200 nm
in size.47 As nano-TiO2 concentrations increased from 2.0 to
20.0 mg-Ti/L, the As(V) DCF increased by a factor of 2.3 to

Figure 2. Adsorption of arsenate on nano-TiO2. Values are means ±
SD (n = 3).

Figure 3. (a) Uptake of arsenate by Daphnia magna under different nano-TiO2 concentrations (0.0, 2.0, and 20.0 mg-Ti/L). (b) Nano-TiO2
accumulation in Daphnia magna at different concentrations during 3 h Daphnia magna exposure. Values are means ± SD (n = 3).
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9.8 compared to uptake during the dissolved phase (Figure 3a)
after 3 h exposure. Similar results were found in other studies.
Fan et al., for example, determined that the existence of 2.0 mg-
Ti/L nano-TiO2 enhanced copper accumulation in D. magna
from 18% to 31%.48 Tan et al. observed that as nano-TiO2
concentrations increased from 0.5 to 2.0 mg-Ti/L, the Cd DCF
in D. magna increased by a factor of 11.0 to 16.9, and that zinc
(Zn) increased by a factor of 37.2 to 51.3 compared to uptake
from the dissolved phase.35 This illustrates that the nano-TiO2
carrying capacity for different metals differs. Moreover, the fact
that uptake processes for As(V) and nano-TiO2 were correlated
showed that nano-TiO2 could be a positive carrier in facilitating
the accumulation of As(V) in D. magna. This was also
supported by the significant correlation between As(V) and Ti
intensities (P < 0.01) ascertained from LA-ICP-MS (see section
3.4). At the same time, correlation coefficients increased from
0.676 to 0.776 as nano-TiO2 concentrations increased from 2.0
to 20.0 mg-Ti/L. This means that greater As concentrations
were carried by nano-TiO2 that accumulated in D. magna as
nano-TiO2 concentrations increased.

49

3.4. Spatial Distribution of Arsenic and Titanium in
Daphnia magna. As and Ti spatial distributions with their
corresponding D. magna photographs are provided in Figure 4.
Arsenic and Ti signals were more intense in the gut of the
organism. Intensities of measured As in the gut were greater by
a factor of 5 to 10 than in other tissues, with nano-TiO2
concentrations increasing from 0.0 to 20.0 mg Ti/L (P < 0.05,
n = 3). In the same way, intensities of measured Ti in the gut
were greater by a factor of 40 and 95 than in the surrounding

tissues at concentrations of 2.0 and 20.0 mg Ti/L nano-TiO2 (P
< 0.05, n = 3), respectively (Figure 4). There were also
significant correlations between As and Ti intensities at nano-
TiO2 concentrations of 2.0 mg-Ti/L (R = 0.676, P < 0.01) and
20.0 mg-Ti/L (R = 0.776, P < 0.01).
Previous studies proposed that the dissociation of metals

from colloidal organic matter was the result of the critical
process of metal internalization. It is therefore possible that
metals sorbed on nano-TiO2 were dissociated in the gut of
daphnids, and free metal ions were bound to specific protein
transporters.50,51 In our study, almost all As(V) associated with
nano-TiO2 accumulated in the gut of D. magna, which was
ascertained by As(V) and Ti intensities from LA-ICP-MS. Due
to changes in pH levels in the gut of organisms, it is conceivable
that As(V) could dissociate itself from nano-TiO2, especially
under reversible physical sorption through electrostatic
forces.51,52 This is also demonstrated by our results in
subcellular distribution (see section 3.5).

3.5. Subcellular Distribution of Arsenic and Titanium
in Daphnia magna. Subcellular concentrations of As and Ti in
the five subcellular fractions (including metal rich granules
(MRGs), organelles, heat-sensitive protein (HSPs), cellular
debris, and heat-denatured protein (HDP) are provided in
Figure S3. Under the 2.0 mg-Ti/L nano-TiO2 treatment, As
increased in cellular debris and HDP, whereas it decreased
slightly in HSP. Under the 20.0 mg-Ti/L nano-TiO2 treatment,
As increased in the four fractions with the exception of HSP.
HSP was the main binding site for nano-TiO2 under both lower
(2.0 mg-Ti/L) and higher (20.0 mg-Ti/L) concentrations.

Figure 4. Arsenic mapping in Daphnia magna under different nano-TiO2 concentrations (a1, b1, and c1 represent 0.0, 2.0, and 20.0 mg-Ti/L,
respectively). Panels b2 and c2 are titanium mapping in Daphnia magna under different nano-TiO2 concentrations (b2 and c2 represent 2.0 and 20.0
mg-Ti/L, respectively). Signals are shown as a gradient of intensity (CPS) with the corresponding photograph of Daphnia magna.
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Metals associated with organelles and HSP could be viewed
together as metal-sensitive fractions (MSF), while metals
sequestered in HDP and MRG could be defined as biologically
detoxified metals (BDM).29,30 When exposed to low nano-TiO2
concentrations (2.0 mg-Ti/L), As in MSF was not significantly
different from that of the controls (P > 0.05), whereas As in
BDM was greater by a factor of almost 2.5 than the control
(Figure 5). In contrast, Ti concentrations were higher in MSF
than in BDM. When exposed to high nano-TiO2 concentrations
(20.0 mg-Ti/L), As in MSF increased by a factor of 2.5
compared to the control, but As in BDM increased by a far
greater factor of 15.7 (P < 0.05, n = 3; Figure 5). At the same
time, Ti concentrations significantly increased in MSF but only
slightly increased in BDM (P < 0.05, n = 3). Compared to the
control, subcellular As concentrations significantly increased in
BDM, but subcellular Ti concentrations increased more in
MSF. Therefore, we found significant differences in subcellular
distribution of As and Ti in D. magna. Hence, a fraction of the
introduced As(V) carried by nano-TiO2 could dissociate and
transport itself separately, which sorbed onto nano-TiO2 before
entering into D. magna.
It has generally been assumed that metals are first associated

with the biologically inactive pool as the initial storage site, such
as BDM.30 Once this pool is saturated, metals are then
channeled into biologically active pools, such as MSF.30 Such
spillover effects therefore cause direct biological response (or
toxicity) in organisms, which are initially sublethal but
eventually lethal. In turn, As(V) that accumulates in BDM
does not produce toxic effects. Therefore, the decreased toxicity
of As(V) at lower nano-TiO2 concentrations results from
unaffected As in MSF (compared to the control). Furthermore,
As(V) (negatively charged) is most likely sorbed onto nano-
TiO2 via the formation of inner-sphere bidentate ligands and
van der Waals forces.53 This binding of As(V) in nano-TiO2
could lead to a lower release within D. magna, subsequently
further reducing its toxicity levels.
However, as total As accumulation increased with increasing

nano-TiO2 concentrations in D. magna, the As(V) released
from nano-TiO2 in D. magna reached a certain toxicity level,
which may be lethal for D. magna survival. Under these
circumstances, As(V) toxicity would subsequently increase. At
the higher nano-TiO2 concentration (20.0 mg-Ti/L), a greater
amount of As was allocated in MSF compared to both the
control and the lower nano-TiO2 concentration (2.0 mg-Ti/L),
which was greater by a factor of 2. Because some of the
introduced As(V) carried by nano-TiO2 could dissociate and
transport separately, greater increases in As in MSF could
dissociate from nano-TiO2 during a free phase to individually

play their own toxic roles in D. magna survival. The release of
As(V) in MSF possibly overwhelms the ability of D. magna to
detoxify itself, leading to an increase in its toxicity. Increased
As(V) toxicity at higher nano-TiO2 concentrations results from
large increases in total As in MSF and its higher dissociation.
In summary, nano-TiO2 as carriers significantly facilitated

As(V) uptake by D. magna. Even though As accumulation
increased with increasing nano-TiO2 concentrations in D.
magna, As(V) toxicity associated with nano-TiO2 had a dual
effect. Decreased toxicity of As(V) associated with nano-TiO2

at lower concentrations resulted from unaffected As concen-
trations in MSF, for which As(V) ions were still adsorbed by
nano-TiO2. Moreover, some of the entered As(V) carried by
nano-TiO2 could desorb and transport separately, causing
increased toxicity at higher nano-TiO2 concentrations. Hence,
this study could further aid in our understanding of the aquatic
risks of As(V) associated with nano-TiO2. As it is well
recognized, nanoparticles possess dramatically different phys-
icochemical properties from bulk counterparts. It is clearly
necessary to evaluate potential distribution and corresponding
internal processes of cocontaminants associated with other
nanoparticles and even their bulk counterparts in aquatic
environments during comprehensive risk assessments. Fur-
thermore, the subcellular distribution method was defined in
operational ways to separate subcellular fractions of contam-
inants in an organism, which will possibly cause the
redistribution of contaminants. Despite that it had already
been used to explain subcellular distribution and toxicity of
contaminants as well as its levels of tolerance, this method
should be applied prudently. Additionally, there are many As
forms in the environment, but inorganic As (arsenite and
arsenate) predominates. Arsenic accumulation is quite complex
in aquatic organisms, involving As oxidation, reduction,
methylation, and efflux as well as environmental factors.33,54

Future studies should endeavor to understand how As
metabolism is influenced by nano-TiO2 in aquatic organisms.
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Figure 5. Subcellular distribution of arsenate and titanium in Daphnia magna after exposure to different nano-TiO2 concentrations for 3 h. Mean ±
standard deviations (n = 3). Different letters indicate a statistically significant difference (P < 0.05). MSF is the metal-sensitive fraction. BDM is
biologically detoxified metal.
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