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GRAPHIC ABSTRACT

* A two-compartment model is able to quantify the
effect of nano-TiO, on Pb toxicity.

*Nano-TiO, reduces Pb tolerance level and
increased the killing rate for C. dubia.

* Thus, nano-TiO, synergistically enhances Pb
toxicity.

* Algae reduce Pb transfer rate to the body tissue
and the killing rate.
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ABSTRACT

Nano-TiO; can remarkably increase lead (Pb) toxicity in aquatic organisms. However, the mechanism
of this toxicity, additive or synergistic, is not well understood. To explore this mechanism, we
inspected the role of nano-TiO; in the toxicity of Pb on Ceriodaphnia dubia (C. dubia), a model water
flea species typically used for ecotoxicity studies. The effect of algae, a diet for aquatic organisms, on
the effect of this binary mixture was also investigated. A two-compartment toxicokinetic (TK)-
toxicodynamic (TD) modeling approach was used to quantify the Pb toxicity under these complex
conditions and to develop critical parameters for understanding the mechanism of toxicity. This two-
compartment modeling approach adequately described the Pb accumulation in the gut and in the rest of
the body tissue under different nano-TiO, concentrations, with and without algae, and predicted the
toxicity response of C. dubia. It indicated that increasing the nano-TiO, concentration reduced the Pb
tolerance level and concurrently increased the killing rate constant of C. dubia. Therefore, nano-TiO,
synergistically enhanced Pb toxicity. Algae remarkably reduced the toxicity of this binary mixture
through reducing the Pb transfer rate to the body tissue and the killing rate, although it did not affect the
Pb tolerance level. This two-compartment modeling approach is useful in understanding the role of
nanoparticles when assessing the overall toxicity of nanoparticles and other toxic elements in the
environment.

© Higher Education Press 2022

1 Introduction

The release of nanoparticles (NPs) has received close
attention due to their potential environmental and health
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risks (Lopez-Serrano et al., 2014; Bundschuh et al., 2018).
Because nano-TiO, has a low toxicity (Allen et al., 2008),
it is widely used in commercial and industrial products
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(O'Regan and Gritzel, 1991; Lademann et al., 1999;
Dudefoi et al., 2017). However, previous research has
demonstrated that nano-TiO, can carry and transport
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background toxins (including toxic metals) to organisms to
impose toxicity, which has been commonly described as
the “Trojan Horse Effect” (Fan et al., 2011; Wang et al.,
2011a; Hu et al., 2012a). Because both NPs and toxic
metals can produce reactive oxidation species (ROS) in
organisms (Ercal et al., 2001; Li et al. 2015), this toxicity
might be characterized as an additive toxicity, which is
simply expressed as 1+ 1= 2 (Roell et al., 2017).
However, toxic metals adsorbed on a nano-TiO, surface
could form surface complexes (Vohra and Davis, 1997),
which may also play an important role in toxicity (Sparks,
2005), adding another dimension to the toxicity mechan-
ism. Therefore, in addition to the toxic effect from each
individual component, nano-TiO, may also contribute to
the toxicity in a synergistic manner, which could be
characterized as 1 + 1 > 2 (Roell et al., 2017).

A process-based toxicokinetic (TK) - toxicodynamic
(TD) modeling approach has been increasingly used to
assess the toxic effect of single or multiple toxins (Tan
et al., 2012; Cedergreen et al., 2017). The assumption of
this approach is that hazard, as indicated by the probability
of death, starts to develop if the toxic element accumula-
tion in the body exceeds a threshold concentration, or the
level an organism can tolerate. The TK model quantifies
toxic element accumulation in an organism, and the TD
model links this accumulation with toxicity. In the TD
model, two parameters, threshold concentration and killing
rate, are used to define the lethality of a toxic element, and
changes in these parameters reflect changes in toxicity (Tan
et al., 2012).

Because toxic metals accumulated in some body parts of
an organism can be readily depurated, the distribution of
toxic metals within an organism is critical in its toxicity
response (Gillis et al., 2005; Tan and Wang, 2012; Cai
et al., 2020). Previous research also found that NPs could
aggravate, which impacts metal toxicity through different
pathways (Fan et al., 2011; Wang et al., 2011a; 2011b; Tan
et al., 2017). Therefore, NPs can change the distribution of
toxic metals in an organism and impact the toxicity. Thus,
when investigating the binary toxicity of NPs and toxic
metals, the conventional total accumulation approach is no
longer applicable. Recently, we validated a two-compart-
ment modeling method, including a two-compartment
based TK model and a body tissue accumulation-based TD
model, to quantify Pb toxicity in the presence of 50 mg/L
of nano-TiO, on C. dubia (Liu et al., 2021). This modeling
approach first determines Pb distribution between the gut
and other body parts (e.g., the tissue) within the C. dubia
body, and uses the Pb accumulated in the tissue to quantify
the Pb toxicity. The distribution of Pb between the gut and
the tissue was validated using a different method (Liu et al.,
2021). Through modeling, we can determine key para-
meters, namely, the threshold concentration and the killing
rate, to quantify the toxicity of Pb. In the present study, we
applied this two-compartment modeling approach, for the
first time, to develop a mechanistic understanding of the

effect of nano-TiO, on Pb toxicity by using parameters
developed through modeling experimental data. This
mechanistic understanding is essential for the assessment
of the environmental impact of NPs. In addition, because
algae are a common food source for aquatic creatures and
could significantly reduce Pb toxicity in the presence of
nano-TiO, (Liu et al.,, 2019), we also used this two-
compartment modeling approach to develop an under-
stating of the role of algae in this combined toxicity. Thus,
the objectives of this research were to establish a
fundamental understanding of the role of nano-TiO, in
the toxicity of Pb, and to learn how algae impact this
toxicity.

2 Materials and methods
2.1 Chemicals, NPs, and organisms

A moderate hardness culture medium buffer (hardness =
85+5 mg/L as CaCOj3, pH= 7.840.2) was prepared by
using NaHCO; (Pb <5 mg/kg, 100.2%), CaSO,4-2H,0
(98%), Na,SeO, (99%), KCl (99%), and MgSO,
(Pb < 0.001%), following EPA toxicity test protocol
(EPA, 2002). Pb(NO3), was dissolved into Milli-Q water
(18.2 MQ - cm) to prepare a Pb stock solution (1000 mg/L).
To prevent precipitation, the Pb stock solution was initially
acidified to a pH of less than 4. All samples were acidified
and digested by using trace metal grade nitric acid before
Pb analysis. The calibration curves for Pb analysis were
developed by diluting a certified Pb standard solution
(1000 mg/L) with Milli-Q water. All of these chemicals
were ACS grade and were acquired from Fisher Scientific
(USA).

The 5-10 nm size nano-TiO, (anatase, 99%) was
obtained from Skyspring Nanomaterials Inc. (USA). Dry
nano-TiO, particles were added to 100 mL of culture
medium in a 125 mL HDPE bottle to prepare a nano-TiO,
stock solution (200 mg/L). The bottle was sealed and
mixed for 10 min in a mechanical shaker. The nano-TiO,
stock solution was freshly prepared for each test.

C. dubia was selected as the model organism for this
research. The C. dubia was acquired from MBL Aqua-
culture (USA). The stock solutions of food for C. dubia
were obtained from ABS Inc. (USA). They are green algae
(Raphidocelis) at a concentration of 3 x 107 cells/mL, and
YTC (yeasts, trout chow, and cereal leaves) at a
concentration of 1700 mg/L as total solids, respectively.
Appropriate volumes of these stock food solutions were
spiked into a culture medium buffer for a mass culture, to
achieve final concentrations of algae and YTC of 1.8 x 10°
cells/mL and 6.8 mg/L as total solids, respectively. The
same algae were also used in other experiments in this
study. A SVC-6AX laminar flow hood, which was
purchased from Streamline™ laboratory products (USA),
was installed in a thermostatic cabinet (25°C), and used to
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conduct a mass culture and all other tests. The light: dark
cycle of the temperature-controlled chamber was fixed at
16 h light / 8 h dark, to mimic the natural condition.

2.2 Accumulation test

Accumulation tests were conducted to determine the total
Pb accumulation in C. dubia under various conditions
(nano-TiO, concentration, accumulation time, and the
absence/presence of algae). The experimental data were
used for Pb accumulation modeling. The accumulation
process was facilitated by using high dose of Pb and nano-
TiO, in accordance with EPA (1994). Test solutions of
100 mL were added in 125 mL HDPE bottles for each
experiment. The accumulation test includes eight test
solutions. For each test solution, a total of nine reactors,
representing nine exposure times, 1, 2, 4, 6, 8, 12, 16, 20,
and 24 h, were used. All test solutions contained 2500 pg/L
of Pb. The first five test solutions also contained nano-TiO,
at concentrations of 10, 20, 50, 100, and 200 mg/L,
respectively. The rest of the test solutions contained
three different concentrations of nano-TiO, (50, 100, and
200 mg/L, respectively), with the same 1.8 x 10° cells/mL
of algae. A control group of C. dubia (without contacting
any of the test solution) was used to evaluate the Pb
background in C. dubia. The pH of each test solution was
7.84+0.2. This time-dependent experimental data was used
to determine the accumulation kinetic constants through
modeling, and to predict Pb distribution in C. dubia under
various experimental conditions.

For each reactor used in the accumulation test,
approximately 30 adult C. dubia (1 week old) were first
picked from the mass culture, and then washed three times
with a fresh culture medium buffer before transferring to
reactors. After being exposed for a pre-selected amount of
time, C. dubia were collected from the reactor, and then
washed with a fresh culture medium three times to detach

C. dubia were then screened (0.297 mm sieve), recorded,
and added to a digestion container. The organisms were
digested with 5 mL nitric acid for 12 h at 95°C using a hot-
block digester. The digestion temperature was controlled
by a OR10-000G Watlow mini controller (Watlow, USA).
Milli-Q water was used to dilute the digested sample
before conducting the analysis. The Pb accumulation in
C. dubia under different conditions was calculated from
the soluble Pb concentration in each digested sample. The
Pb background in C. dubia was 0.10 ng/flea, which was
determined from a control group. The accumulated amount
of Pb in C. dubia was determined by deducting the
background from the total accumulation. For each
accumulation test, duplicate reactors were used.

A two-compartment TK model (developed in our
previous publication) was used to quantify the Pb
accumulation and distribution in C. dubia in the presence
of NPs (Liu et al., 2021). In brief, in a NP-toxic metal
system, toxic metals are either adsorbed by NPs, or are
present in a soluble form. As an adsorbent, nano-TiO,
particles adsorb nearly 100% of Pb from water (Liu et al.,
2019). Next, C. dubia actively uptake particles, even the
settled ones, through the mouth (Horton et al., 1979).
C. dubia were characterized as the gut and other body parts
(expressed as “tissue” hereafter). The Pb accumulated in
the gut was impacted by three pathways: active mouth
uptake, depuration from gut, and transfer from gut to
tissue. The Pb accumulated in the tissue was determined by
transfer from the gut and diffusion in and out of the tissue
through the body surface. Because Pb diffusion in and out
of the tissue through the body surface was negligible, the
tissue accumulation of Pb was mainly contributed from the
gut (Liu et al., 2021). The equations below (Egs. (1)—(3))
express the kinetics of Pb gut accumulation and tissue
accumulation in the presence of NPs, and the definition of
symbols are shown in Table 1 (Liu et al., 2021).

particles from their surface. These collected and washed Cr(t) = Cau(t) + Ciissue (1), 1
Table 1 Toxicokinetic and toxicodynamic model symbol and parameters
Model Symbol Definition Unit
Toxicokinetic Cr(1) Total Pb in the whole body at time # ng/flea
Coul?) Pb in the gut at time ¢ ng/flea
Clissuc(?) Pb in the tissue at time ¢ ng/flea
Cpp Total Pb concentration in the solution ng/L
Cnp Total NP concentration in the solution mg/L
k Active mouth uptake constant mg/flea/h
kia The gut to body tissue transfer constant h'!
kie The gut depuration constant h'!
t Exposure time h
Toxicodynamic S(?) Survival probability of test organisms at time ¢ N.A.
ke Killing rate flea/ng/h
Cru Toxic metal threshold concentration ng/flea
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2.3 Toxicity test

Eight series of 100 mL test solutions, which included five
Pb concentrations (500, 1000, 1500, 2000, and 2500 pg/L)
in each series, were prepared by adding the Pb stock
solution, nano-TiO, stock solution, and an algae stock
solution (if needed) at specific ratios into the culture
medium buffer in 125 mL HDPE bottles. The ratio of clean
culture medium, Pb stock solution, nano-TiO, stock
solution, and algae stock solution were determined based
on their concentrations that were selected for each toxicity
test. The test solutions that had a Pb concentration of
2500 pg/L were prepared in duplicate. In addition to Pb,
the first through fifth series of bottles also contained 10, 20,
50, 100, and 200 mg/L of nano-TiO,, respectively. The
sixth through eighth series of bottles also contained 50,
100, and 200 mg/L. of nano-TiO,, respectively, and the
same 1.8 x 10° cells/mL of algae. This concentration of
algae can support normal living of C. dubia (EPA, 2002).
A mechanical shaker was used to mix all test solutions for
24 h. The final pH of the solutions was 7.8+0.2.

The EPA method was followed in conducting the
toxicity tests (EPA, 2002). Initially, a time-dependent
toxicity test was conducted using eight test solutions that
had a Pb concentration of 2500 pg/L and different
concentrations of nano-TiO,, with and without algae. For
each test solution, four parallel 30 mL reactors, with each
reactor containing 15 mL of test solution, were utilized.
Twenty healthy C. dubia neonates, aged less than 24 h,
were washed with a clean culture medium buffer, and used
for each test solution, with five neonates for each reactor.
The neonates were transferred to the reactor by using a
wide opening plastic dropper (tip diameter: 3 mm). The
duration of the toxicity test was 24 h, and the survivorship
of the neonates was recorded hourly. The dead neonates
were removed from the reactor as soon as they were
observed during the hourly checkup. To mimic the natural
condition, the nano-TiO; in the reactor was not dispersed
further during the test period. The time-dependent
survivorship data from one set of the test solution that
had 2500 pg/L of Pb were fitted with the TD model to
determine relevant parameters. The rest of the solutions
that had different concentrations of Pb, nano-TiO,, and

algae (total eight series, with five Pb concentrations in each
series) were used to conduct independent 24-h toxicity
tests, to develop data for model validation. The test
procedures were the same as above, except that the
survivorship was checked only at the 24th h.

Equation (4) is the TD model used to quantify Pb
toxicity, based on tissue accumulation, and the definition of
symbols are shown in Table 1 (Liu et al., 2021).

1if Ctissue(t) SCTH

7kk X <Ctissus(t) - CTH) t,
¢ if Ctissue (t) > CTH

S(1) = 4)

2.4 Analytical method

Soluble Pb concentrations in digested samples from the
accumulation tests were determined by an AAanalyst 600
graphite furnace atomic absorbance spectrometer (GFAA)
(Perkin-Elmer, USA). The Pb detection limit was 0.5 pg/L.

3 Results and discussion

3.1 Nano-TiO, impact on Pb accumulation

Based on the EPA standard procedure, C. dubia neonates
(age < 24 h) were used for the toxicity test. In theory, the
same organism should have been used in the accumulation
test. However, because of the fragile nature, these C. dubia
neonates can not survive through the manual procedure
that has to be followed for the accumulation test. Instead,
we used adult C. dubia as a surrogate to conduct the
accumulation test (Wang et al., 2011b; Liu et al., 2019;
2021; Liu and Wang, 2020). In this work, we acquired
time-dependent accumulation data from the 24-h accumu-
lation period using adult C. dubia, and used the TK model,
Egs. (1), (2), and (3), to fit these data. The filled circles in
Fig. 1(a) were Pb accumulation data in the presence of
100 mg/L nano-TiO, and 2500 pg/L. Pb. Accumulation
data under other nano-TiO, concentrations (10, 20, 50, and
200 mg/L) are shown in Figs. S1-S4 (supplementary
information). The curve fitting results for the whole body
Pb accumulation are represented with a solid curve in all of
these figures. The model fitting was in good agreement (all
R*>0.88) with the experimental data. Table 2 lists the
accumulation kinetic parameters under all experimental
conditions. The dashed curve and dotted curve were the
calculated Pb accumulation in the gut and in the tissue,
respectively. To validate the calculated Pb distribution
within the body (in the gut and in tissue), we also
conducted independent depuration tests, following a
different method in our previous work, and used the
depuration data to determine Pb distribution right after the
accumulation period (Liu et al., 2021). They showed a
good agreement with the calculated results from the
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Fig. 1 The Pb accumulation in C. dubia in the presence of nano-TiO,, with and without algae: (a) nano-TiO, + Pb, and (b) nano-TiO, +
Pb + algae. Exposure medium: [Pb] = 2500 pg/L; NPs= 100 mg/L; algac = 1.8 x 10° cells/mL. Each filled circle point represents the
average value of data (N = 2), error bars represent the range of the data. The inset is the 24-h Pb accumulation in C. dubia under different
nano-TiO, concentrations with and without algae: (a) nano-TiO, + Pb, NPs = 10-200 mg/L, and (b) nano-TiO, + Pb + algae, NPs = 50—
200 mg/L. Condition of the exposure medium: [Pb] = 2500 pg/L; algac= 1.8 x 10° cells/mL.

Table2 Toxicokinetic model parameters (the gut uptake constant £, Pb transfer constant from gut to body tissue k;,, Pb depuration constant from gut
ko) determined at the Pb concentration of 2500 pg/L
Algae k

NPs (mg/L) (cells/mL) (x 10 mg/flea/h) k2 (07 ke (07 R
10 0 0.097 0.026 1.588 0.95
20 0.395 0.88
50 0.694 0.96
100 1.091 0.91
200 1.418 0.93
50 1.8 x 10° 0.610 0.022 1.588 0.89
100 0.998 0.95

200 1.342 0.93
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accumulation model (data not shown). The modeling
results showed that Pb gut accumulation reached the
maximum value in approximately 2 h. However, Pb
accumulation in the tissue increased slowly at a nearly
constant rate. As a digestive tract, the gut could regulate
nutrient transport to body tissue through active and passive
mechanisms (Kiela and Ghishan, 2016). Although Pb does
not serve as a nutrient for C. dubia, it may use nutrient
channels (e.g., the calcium ion (Ca*") channel) to transfer
to the body tissue continuously (Kerper and Hinkle, 1997).
Consequently, the tissue’s Pb content gradually increased
with time. Results showed that Pb accumulated in the gut
at a much faster rate as compared to that in the tissue at the
beginning of the test. This was because Pb gut accumula-
tion was mostly from active ingestion, which is a very fast
process. However, Pb lacked a specific uptake pathway
from the gut to the tissue, due to the non-physiologic
function of Pb in cells ICMM, 2007). Although the Ca*"
channel is one of the pathways for Pb transfer (Kerper and
Hinkle, 1997), the test medium (moderate hardness water)
had a high concentration of Ca®", which likely out-
competed Pb for its transfer to the tissue.

As indicated in Table 2, the gut uptake constant (k) was
increased with nano-TiO, concentration. However, the Pb
transfer to the tissue (k|,) and depuration from the gut (k,.)
were not changed with nano-TiO, concentrations. The
transporters and ion channels limited the Pb transfer to the
tissue (Kiela and Ghishan, 2016). Obviously, changing the
nano-TiO, concentration would not change the number of
transporters/ion channels and alter the Pb transfer rate.
Within the gut, because the pH was 6.0-6.8, which was
lower than the pH of the culture medium of 7.8 (Ebert,
2005), some adsorbed Pb would easily release from the
nano-TiO, surface and depurate from the gut. Also,
because pH is a dominate factor for the release of Pb
from nano-TiO, (Hu and Shipley, 2012), changing of the
nano-TiO, concentration would not alter the gut depura-
tion of Pb.

Nano-TiO, serves as a Pb carrier (Hu et al., 2012a).
Therefore, the nano-TiO, concentration significantly
affects Pb accumulation. The inset in Fig. 1(a) shows the
24 h Pb accumulation results in the whole body under
various concentrations of nano-TiO, without algae. It
shows that the 24-h accumulation of Pb first increased with
the increase in nano-TiO, concentration. However, when
the nano-TiO, concentration exceeded 20 mg/L, the Pb
accumulation decreased with increasing nano-TiO,. Pre-
viously, we found that NP accumulation in C. dubia would
increase with NP concentration until it reaches 20 mg/L,
and further increase in NP concentration would not change
the NP accumulation (Hu et al., 2012b). This was because
C. dubia have a limited capacity for holding NPs (Wang et
al., 2011b). In this research, nano-TiO, serves as a carrier
of Pb. At low nano-TiO, concentrations (<20 mg/L), an
increase in nano-TiO, increased nano-TiO, accumulation,

which resulted in an increase in Pb accumulation in
C. dubia. However, when the nano-TiO, concentration was
further increased to above 20 mg/L, the nano-TiO,
accumulation in C. dubia was not increased. Rather,
increasing the nano-TiO, concentration reduced Pb
adsorption density on nano-TiO,, thereby resulting in a
decrease in the total Pb accumulation in C. dubia. This can
be characterized as a dilution effect from nano-TiO,.

3.2 Algae impact on Pb accumulation

Figure 1(b) shows algae impact on Pb accumulation — both
the gut and the tissue Pb accumulations were reduced.
However, under both conditions, the Pb exhibited the same
accumulation patterns. Algae could serve as a Pb carrier
(Roy et al., 1993), but its adsorption capacity was much
lower than nano-TiO, (Liu et al., 2019). Therefore, nano-
TiO, carried in most of the Pb that accumulated in
C. dubia. On the other hand, algae could fill gut space and
reduce nano-TiO, accumulation. The kinetic model
suggested that the maximum Pb content in the gut was
16.9 ng without algae, but it had been slightly reduced to
15.5 ng in the presence of 1.8 x 10° cells/mL algae.
Furthermore, modeling results indicated that algae (1.8 x
10° cells/mL) significantly reduced Pb tissue accumulation
from 10.2 ng to 8.1 ng, which is an approximate 21%
reduction.

Figures S5 and S6 (supplementary information) show
the Pb accumulation data and modeling results at nano-
TiO, concentrations of 50 and 200 mg/L, respectively, in
the presence of algae. The kinetic constants for accumula-
tion in the presence of algae are also shown in Table 2.
Results suggested that algae reduced the Pb uptake
constant k for all nano-TiO, concentrations, which agree
with the above assessment. Table 2 also shows that the Pb
transfer to the tissue (k;,) was reduced in the presence of
algae. This was because algae could reduce the retention of
nano-TiO, in the gut (Tan and Wang, 2017), thereby
reducing the Pb retention time and resulting in less Pb
assimilation in the tissue. However, in a real environmental
condition, other factors (e.g., natural organic matter and
chelates) may form organic complexes with Pb, and further
compromise the reduction of Pb transfer to the tissue. Wani
et al. (2015) found that organic Pb could easily pass
through the cell membrane, thereby resulting in high Pb
accumulation in organisms. Therefore, the presence of
soluble organic matter needs to be considered when
dealing with real environmental conditions.

Interestingly, Table 2 shows that algae did not change
the gut depuration constant. As discussed earlier, the Pb
gut depuration rate is mostly controlled by the gut pH, and
the presence of algae would not change the gut pH of
C. dubia. Therefore, the same gut depuration rate was
observed. The small inset in Fig. 1(b) shows that, under the
testing concentration range, Pb accumulation was reduced
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with an increase in nano-TiO, concentration, which was
consistent with the result from the tests without algae.

3.3 Effect of nano-TiO, on Pb toxicity — experiment data
and model prediction

Figure 2(a) shows the time-dependent survivorship of
C. dubia exposed to 2500 pg/L of Pb with various
concentrations of nano-TiO, during a 24-h testing period.
It shows that the survivorship decreased when nano-TiO,
concentration increased. From the inset in Fig. 1(a), we
noticed that the 24-h total Pb accumulation in C. dubia first
increased with the increase in nano-TiO, concentration.
However, when the nano-TiO, concentration exceeded
20 mg/L, the Pb accumulation was reduced due to a
dilution effect — the higher nano-TiO, concentration

reduced the adsorption density of Pb on NPs, resulting in
less Pb assimilation (Wang et al., 2011b). As indicated by
the dotted lines in Figs. 1(a) and S1-S4, the model
calculated Pb tissue accumulation (using parameters in
Table 2 and Eq. (3)) was also reduced by increasing the
nano-TiO, concentration. Apparently, the decreasing trend
of the survivorship (e.g., increasing toxicity) with the
increase in the nano-TiO, conflicted with the decreasing
trend of the total or tissue accumulation of Pb. Nano-TiO,
must have imposed an additional toxic effect. Based on
experimental observation, for C. dubia exposed to
2500 pg/L of Pb with low nano-TiO, concentrations
(1020 mg/L), the decreased survivorship was mainly
caused by the increasing Pb tissue accumulation. However,
when a higher nano-TiO, concentration (50200 mg/L)
was applied, the Pb content in the tissue decreased, but the
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Fig. 2 Survivorship of C. dubia in the presence of Pb and nano-TiO,. (a) The survivorship during the 24-h exposure period in test
solutions that contained 2500 pg/L of Pb and various concentrations of nano-TiO, (10-200 mg/L), (b) Comparison of observed and
predicted 24-h survivorship for different concentrations of nano-TiO, (20-200 mg/L) and Pb.
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survivorship continued to decrease by increasing the nano-
TiO, concentration.

Previous research indicated that nano-TiO, alone or Pb
alone in the test concentration range (nano-TiO, up to 1200
mg/L; Pb up to 2500 ug/L) does not have significant
toxicity on C. dubia (Hu et al., 2012a; Liu et al., 2019). The
high toxicity from a mixture of nano-TiO, and Pb should
be the result of a synergistic effect. The TD model, Eq. (4),
was used to quantify the toxicity process based on Pb
tissue accumulation. The parameters in Table 2 were
substituted into Eq. (3) to calculate the Pb tissue
accumulation under different nano-TiO, concentrations,
as shown by the dotted lines in Figs. 1(a) and S1-S4. The
TD modeling results, which are shown as solid curves in
Fig. 2(a), are well consistent with the experimental data (all
R*>0.94). At a nano-TiO, concentration of 10 mg/L, the
change in survivorship was negligible, as compared to the
negative control group. Therefore, the data were not fitted
with the TD model at this concentration. Table 3 shows the
TD model parameters. The small inset in Fig. 2(a) shows
the change of TD parameters as a function of nano-TiO,
concentration. Results indicated that, with increasing nano-
TiO, concentration, the Pb threshold (Cty) in C. dubia was
reduced, but the killing rate (k) was increased. For
instance, the Cry decreased by approximately 75% while
the k& increased 20 times, when the nano-TiO, concentra-
tion increased from 20 to 200 mg/L. The Cry reflected the
tolerance level of toxic elements, and k; indicated the
response of C. dubia when the toxin exceeds Cty (Tan and
Wang, 2012). Therefore, with a higher nano-TiO,
concentration, the tolerance level of Pb in C. dubia was
reduced, making Pb more toxic. In addition, the increase in
ki suggested that nano-TiO, makes C. dubia more
vulnerable to the Pb attack. Our previous study showed
that nano-TiO, alone would not lead to the death of C.
dubia in the concentration range tested (Hu et al., 2012a).
However, Pb could form a surface complex, Ti-O-Pb™,
with the hydroxyl group in nano-TiO,, which may enhance
the toxicity (Vohra and Davis, 1997). On one hand, the
positively charged complex may interact with negatively
charged biological membrane (Huang et al., 2010b). On

the other hand, the metal complex itself may play a more
important role in toxicity (Sparks, 2005), as it could alter
the toxicity of the metal ions or NPs (Egorova and
Ananikov, 2017). Zhou et al. (2015) also reported that
surface modified NPs, regardless of their type, exhibited a
much higher toxicity than pristine NPs. A higher nano-
TiO, concentration could also increase the physical body
burden of C. dubia (Huang et al., 2010a), resulting in less
tolerance to other toxic elements. These effects could
reduce the Cry and/or increase the k of test organisms. As
a result, nano-TiO, not only served as a carrier to enhance
Pb accumulation, but also participated in the toxicity
process and synergistically enhanced Pb toxicity, with this
effect being more evident with high nano-TiO, concentra-
tions.

Based on the Cty and k& values in Table 3, we can
predict the 24-h survivorship of C. dubia under other Pb
concentration conditions, for each of the nano-TiO,
concentrations, 20, 50, 100, and 200 mg/L, respectively.
The predicted survivorship is shown as curves in Fig. 2(b).
In these predictions, we first used Eq. (3) and relevant
constants in Table 2 to determine Pb accumulation in the
tissue. We then used Eq. (4) and constants in Table 3 to
calculate corresponding survivorship. We also conducted
independent experiments to validate this model prediction,
shown as symbols in Fig. 2(b). The predicted survivorship
was in agreement with the measured results, suggesting
that the TD model parameters could accurately describe the
toxicity process. The agreement between the experimental
data and model prediction also suggested that nano-TiO,
not only increases toxic element accumulation, but also
participates in the toxicity process to enhance the overall
toxicity. Therefore, nano-TiO, synergistically enhances Pb
toxicity.

3.4 Effect of algac on Pb-nano-TiO, toxicity — experiment
data and model prediction

Figure 3(a) shows the effect of algae on Pb 4+ nano-TiO,
toxicity. The trend of survivorship was the same as that
without algae: a reduced survivorship of C. dubia was

Table 3 Toxicodynamic model parameters (threshold concentration Cryy, killing rate k)

Test Solution * Predicted Cijssue(24) (ng/flea) Cry (ng/flea) ki (flea/ng/h) R?

10 mg/L TiO ** 9.13 N.A. N.A. N.A.
20 mg/L TiO, 16.71 11.69 1.5 x 107 0.94
50 mg/L TiO, 13.07 7.53 4.6 x 107 0.99
100 mg/L TiO, 10.27 5.70 0.018 0.99
200 mg/L TiO, 5.14 2.96 0.030 0.99
50 mg/L TiO, + algae*** 9.73 7.53 0.002 0.95
100 mg/L TiO, + algae*** 7.97 5.70 0.011 0.97
200 mg/L TiO, + algae*** 4.17 2.96 0.021 0.97

Notes: * All test solutions contain 2500 pg/L of Pb. ** For 10 mg/L TiO,, the changing in survivorship is negligible compared with negative control which is not fitted

by the TD model. ***algae concentration= 1.8 x 10° cells/mL.
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Fig. 3 Survivorship of C. dubia in the presence of Pb, nano-TiO,, and algae. (a) The survivorship during the 24-h exposure period in test
solutions that contained 2500 pg/L of Pb, various concentrations of nano-TiO, (50-200 mg/L), and 1.8 x 10° cells/mL of algae,
(b) Comparison of observed and predicted 24-h survivorship for different concentrations of nano-TiO, (50-200 mg/L) and Pb, and 1.8 x

10° cells/mL of algae.

observed with increasing nano-TiO, concentrations. Com-
pared with Fig. 2(a), algae (1.8 x 10° cells/mL) increased
the survivorship of C. dubia by 0.35, 0.35, and 0.30 for 50,
100, and 200 mg/L of nano-TiO,, respectively. To quantify
the effect of algae on this binary toxicity, we first used
Eq. (3) and associated constants in Table 2 (with 1.8 x 10°
cells/mL of algae) to determine Pb tissue accumulation,
and then used Eq. (4) to fit the time-dependent survivorship
data. The model fitting results are shown as a solid line in
Fig. 3(a), and the Cty and ki values for each nano-TiO,
concentration are listed in Table 3. The presence of algae
did not change the Cry of Pb, but reduced k, by
approximately 43%, 61%, and 70% for 50, 100, and
200 mg/L of nano-TiO,, respectively. These values suggest
that algae reduced the C. dubia response — algae made

C. dubia stronger and more resistant to Pb attack. Note that
the production of ROS is the primary toxicity mechanism
of heavy metals (Ercal et al., 2001), and the production of
antioxidants (e.g., superoxide dismutase (SOD) and
glutathione (GSH)) that neutralize ROS is energy-related
(Poljsak et al., 2013). As a diet, algae are an essential food
source for C. dubia that also boost the production of
antioxidants. Other than the metabolic process, it was
found that some algae could directly serve as antioxidants
when ingested by aquatic organisms (Romay et al., 1998).
Therefore, some of the ROS produced by Pb was
neutralized by the consumption of algae, reducing the
killing rate of Pb. Although algae slightly reduced the
accumulation of Pb (Fig. 1), the Cry did not change. By
considering the parameters from the TK model and the TD
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model, it can be concluded that algae can occupy some
of the gut space and reduce Pb uptake. They can also
reduce Pb transfer to tissue where the toxicity effect
occurs. Moreover, algae can mitigate the toxicity of Pb,
probably through the elevation of antioxidant levels in
C. dubia.

We also conducted independent 24-h toxicity tests to
validate these TD parameters with algae. In test solutions,
the concentration of Pb and nano-TiO, varied while that of
algae was kept the same (1.8 x 10° cells/mL). Figure 3(b)
shows the observed and predicted 24-h survivorship
results, which agree with each other. This agreement
suggests that this two-compartment modeling approach is
also applicable to a more complicated situation: predicting
the effect of nano-TiO, on heavy metal toxicity, with the
presence of algae.

4 Conclusions

We found that increasing nano-TiO, concentration gen-
erally reduces Pb accumulation but increases Pb toxicity
on C. dubia. We used a two-compartment modeling
approach to quantify the toxic effect of Pb under different
concentrations of nano-TiO,, with or without algae.
Modeling results suggested that nano-TiO, participates in
the Pb toxicity process, as increasing nano-TiO, concen-
tration reduces the Pb threshold concentration and
increases the killing rate of C. dubia. Therefore, nano-
TiO, not only serves as a carrier that changes Pb
accumulation, but also synergistically enhances Pb toxi-
city. Algae mitigates the Pb toxicity by reducing the killing
rate, without impacting the Pb threshold concentration.
Importantly, this two-compartment modeling method
presents a practical implement for predicting the accumu-
lation of toxic metals in each part of C. dubia in the
presence of NPs, and for revealing the role of NPs in
toxicity.
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