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� Nano-TiO2 enhanced Pb body tissue
accumulation in C. dubia through
mouth ingestion.

� A two-compartment model was
developed to quantify Pb body tissue
accumulation.

� The Pb body tissue accumulation re-
sults in the toxicity of Pb.

� A toxicodynamic model could link Pb
toxicity with the body tissue
accumulation.

� Algae reduced Pb toxicity by reducing
body tissue accumulation and the
killing rate.
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Nanoparticles (NPs) can significantly influence toxicity imposed by toxic metals. However, this impact
has not been quantified. In this research, we investigated the effect of nano-TiO2 on lead (Pb) accumu-
lation and the resultant toxicity using water flea Ceriodaphnia dubia (C. dubia) as the testing organism.
We used a two-compartment modeling approach, which included a two-compartment accumulation
model and a toxicodynamic model, on the basis of Pb body tissue accumulation, to quantify the impact of
nano-TiO2 on Pb toxicity. The effect of algae on the combined toxicity of Pb and nano-TiO2 was also
quantified. The two-compartment accumulation model could well quantify Pb accumulation kinetics in
two-compartments of C. dubia, the gut and the rest of the body tissue in the presence of nano-TiO2.
Modeling results suggested that the gut quickly accumulates Pb through active uptake from the mouth,
but the rest of the body tissue slowly accumulates Pb from the gut. The predicted Pb distribution within
C. dubia was verified by depuration modeling results from an independent depuration test. The survi-
vorship of C. dubia as a function of Pb accumulated in the body tissue and exposure time can be well
described using a toxicodynamic model. The effects of algae on Pb accumulation in different compart-
ments of C. dubia and the toxicity in the presence of nano-TiO2 were also well described using the two-
compartment modeling approach. Therefore, the novel two-compartment modeling approach provides a
useful tool for assessing the effect of NPs on aquatic ecosystems where toxic metals are present.

© 2020 Elsevier Ltd. All rights reserved.
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Fig. 1. Schematic of a two-compartment accumulation model. Gut accumulation
considers active uptake through the mouth (kin), losses to body tissue (k12CgutðtÞ), and
losses to the outside (k1eCgutðtÞ). Body tissue accumulation considers influx from the
outside (jCDðtÞ) and influx from the gut (k12CgutðtÞ), as well as losses to the outside
(k2eCtissueðtÞ). The Pb exchange between the body tissue and the surrounding solution
through diffusion is negligible.
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1. Introduction

Recent anthropogenic activities have led to a significant release
of nanoparticles (NPs) into the environment (Bundschuh et al.,
2018). In addition to causing adverse environmental effects alone,
NPs can also adsorb toxic metals and carry them into the body of
aquatic organisms, enhancing the toxicity of the toxic metals. This
effect challenges the existing toxicity evaluation paradigm for toxic
metals (Fan et al., 2011; Hu et al., 2012a; Tan et al., 2011;Wang et al.,
2011a, 2011b). Understanding the effects of NPs on the accumula-
tion and distribution of toxic metals in aquatic organisms is
essential in assessing metal toxicity in the presence of NPs.

Previous reports attributed NP-enhanced toxicity to an exces-
sive accumulation of toxic metals in the whole body of the testing
organism (Hu et al., 2012a, 2012b). For example, lead (Pb) accu-
mulation in water flea Ceriodaphnia dubia (C. dubia) was increased
by approximately 20 times in the presence of nano-TiO2, leading to
toxicity enhancement (Liu et al., 2019). In the absence of NPs, re-
searchers have used a process-based kinetic modeling approach to
quantify toxic metal accumulation in the entire body and the cor-
responding toxicity, based on the metal uptake, transfer, and dep-
uration pathways (Cedergreen et al., 2017; Gao et al., 2016; He et al.,
2019; Tan and Wang, 2012). However, because NPs alter the metal
distribution pattern in different parts of the body, this whole body
approach is unable to predict metal toxicity in the presence of NPs.

Gillis et al. (2005) proposed that the whole body of a Daphnia
can be divided into two-compartments: the gut and the rest of the
body tissue (referred as “tissue” hereafter). Heavy metals in the gut
can be easily removed, thereby having less toxicity, but those in the
tissue participate in the metabolic process and induce toxicity
(Gillis et al., 2005; He et al., 2020). As a result, when assessing the
effect of NPs onmetal toxicity, models are needed to quantify metal
accumulation in different compartments of C. dubia. Moreover,
under realistic environmental conditions, other factors may also
affect metal accumulation and distribution in the organism and,
therefore, the toxicity (Fan et al., 2016; Tan et al., 2016). For
example, algae inevitably impact heavy metal toxicity because they
are extensively distributed as a natural food for aquatic organisms
in the environment. Therefore, the effects of algae on metal
bioavailability, distribution, and toxicity are also of great interest
when assessing the metal toxicity in the presence of NPs.

A toxicodynamic model has been used to link toxic metal
accumulation with toxicity (Cedergreen et al., 2017; Gao et al.,
2016; He et al., 2019; Tan and Wang, 2012). The model describes
a time-dependent hazard based on toxic metal accumulation in the
entire body (Ashauer et al., 2010; Tan and Wang, 2012; He et al.,
2020). However, because of the participation in the metabolic
process and low elimination rate, heavy metals in the tissue are
more relevant to toxicity than those in the gut (Gillis et al., 2005).
NPs alter the metal distribution pattern within the body of an
aquatic organism by disproportionally carrying significantly more
toxic metals to the gut, toxicity prediction based on whole body
accumulation is no longer appropriate. Metal distribution in
different compartments of the aquatic organisms must be consid-
ered in the toxicodynamic model in order to better quantify the
effect of NPs on metal toxicity.

In recent years, interactions between toxic metals and low toxic
NPs have attracted significant attention (Hu et al., 2012a, 2012b;
2012c). Pb is one of the environmental hazards which has greatly
raised public health concerns (Lewis, 1985). Nano-TiO2 particles are
considered low toxic and have been widely used in commercial
products (Heinlaan et al., 2008). In this study, we developed a two-
compartment accumulation model to predict the accumulation
kinetics of Pb in the gut and the tissue of C. dubia in the presence of
nano-TiO2. The Pb accumulated in the tissue was applied to the
toxicodynamic model to predict toxicity. We used C. dubia, an EPA
recommended toxicity test organism, as the indicator organism for
toxicity (EPA, 2002). We also quantified the effect of Raphidocelis, a
common freshwater algae, on Pb accumulation and toxicity in the
presence of nano-TiO2, to shed light on the impact of naturally
occurring algae on the combined toxicity of Pb and NPs.

2. Theoretical aspects

2.1. Two-compartment accumulation model

Toxic metals can accumulate in both the gut and the tissue, with
each compartment having independent uptake pathways. The toxic
metal accumulated in the gut is from active uptake through the
mouth, and that accumulated in the tissue is in part from the sur-
rounding environment through diffusion (Wang et al., 2014). In
addition, the gut, as the digestive system, is responsible for nutrient
transport via both passive and active mechanisms (Kiela and
Ghishan, 2016). Therefore, toxic metals in the gut can also trans-
fer into the tissue. The gut and the tissue also have independent
pathways to depurate toxic metals from C. dubia (Gillis et al., 2005).
Fig. 1 schematically illustrates the two-compartment model of
uptake, depuration, and transfer of toxic metals in C. dubia. We
propose the mathematical equations below to delineate the accu-
mulation kinetics of toxic metals:

CT ðtÞ¼ CgutðtÞ þ CtissueðtÞ (1)

dCgutðtÞ
dt

¼ kin � ðk12 þ k1eÞ � CgutðtÞ (2)

dCtissueðtÞ
dt

¼ jCDðtÞ þ k12CgutðtÞ � k2eCtissueðtÞ (3)

where CT(t)¼ total toxic metal accumulated in the whole body (ng/
flea) at time t; Cgut(t)¼ toxic metal accumulated in the gut (ng/flea)
at time t; Ctissue(t) ¼ toxic metal accumulated in the issue (ng/flea)
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at time t; CD(t) ¼ dissolved toxic metal concentration (ng/L) at time
t; kin ¼ toxic metal gut influx rate (ng/flea/h); k12 ¼ toxic metal
transfer rate constant from the gut to the tissue (h�1); k1e ¼ toxic
metal depuration rate constant from the gut (h�1); j ¼ the tissue
accumulation rate constant that reflects the diffusion from the
surrounding solution to the tissue (L/flea/h); k2e ¼ tissue depu-
ration rate constant that reflects the diffusion from the tissue to the
surrounding solution (h�1); t ¼ exposure time (h).

Toxic metals in water are either associated with particles or in a
soluble form. The particulate forms of toxic metals, including the
metal precipitates and metals adsorbed by NPs, are accumulated in
the gut through active uptake by C. dubia. Settled particles can also
be re-suspended and ingested by C. dubia (Horton et al., 1979). Here
we assume that the gut uptake rate of Pb is proportional to the
adsorbed Pb concentration on the NP surface. In a system that
contains Pb and nano-TiO2, nearly 100% of Pb is adsorbed by nano-
TiO2 (Liu et al., 2019). Thus, we used the total Pb concentration to
calculate the adsorbed Pb concentration by nano-TiO2. Therefore,
the influx rate of Pb to the gut through active ingestion from the
mouth, in the presence of NPs, can be expressed as:

kin ¼
CT
CNP

� k (4)

where CT ¼ total toxic metal concentration (ng/L); CNP ¼ the NP
concentration (mg/L); k ¼ the gut uptake constant through active
mouth uptake (mg/flea/h).

The above differential equations were solved by using the
WolframAlpha to find the analytical solution, which was used to
conduct data fitting and find the related Pb accumulation kinetic
constants (WolframAlpha, 2009). As a result, the metal accumula-
tion in different compartments in the presence of NPs, e.g., the
effect of NPs on metal distribution, can be calculated using the ki-
netic constants.

2.2. Two-compartment depuration model

A two-compartment depuration kinetic model was used to fit
the experimental data from an independent depuration test, and to
determine the metal distribution at the beginning and during the
depuration process (Gillis et al., 2005). Results from this depuration
model were used to validate the metal distribution from the
accumulation model. The depuration model assumes that depu-
rations, from both the gut and the tissue, follow first-order kinetics:

MT ðtÞ¼Mgutð0Þeð�kgtÞ þMtissueð0Þeð�kt tÞ (5)

where MT(t) ¼ mass of heavy metal in the whole body (ng/flea) at
time t during depuration; Mgut(0) ¼ mass of heavy metal in the gut
at the beginning of depuration (ng/flea); Mtissue(0) ¼ mass of heavy
metal in the tissue at the beginning of depuration (ng/flea); kg¼ the
gut depuration rate constant (h�1); kt ¼ the body depuration rate
constant (h�1); t ¼ the depuration time (h). Note that Mgut(0) and
Mtissue(0) in the depuration equation are equal to Cgut(t) and Ctis-

sue(t) for the accumulation equation, where t is the time used to
accumulate Pb before depuration tests.

The kinetic parameters were determined by using the least-
squares algorithm during the nonlinear regression analysis of the
experimental data. The quality of the data fitting was evaluated by
the coefficient of determination (R2).

2.3. Toxicodynamic model

A toxicodynamic model can be used to predict toxicity in terms
of survivorship, based on the metal accumulation data calculated
from the two-compartment accumulation model. The principle of
this toxicodynamic model is that, if toxic metal accumulation in the
tissue (metabolically available) exceeds a threshold value, hazard
starts to accumulate, resulting in an increase in the probability of
death (Cedergreen et al., 2017; Gao et al., 2016; Tan and Wang,
2012). Conventionally, the hazard development rate was defined
in proportion to the toxic metal concentration that was in excess of
the threshold level (Tan and Wang, 2012). For this research, we
modified the hazard definition, and hypothesized that the
maximum exceedance of the toxic metal tissue accumulation
contributes equally with exposure time to the hazard. This hy-
pothesis is similar to the C*t (disinfectant concentration � time)
concept used for water disinfection process e a certain C*t value is
correlated to a certain level of disinfection. Because the Pb tissue
accumulation increases with an increase in the exposure time, the
terminal Pb tissue accumulation at the end of the exposure, Ctis-

sue(t), is the maximal Pb tissue accumulation. As a result, the hazard
can be expressed as:

HðtÞ¼ kk � ðCtissueðtÞ� CTHÞt (6)

where H(t) ¼ hazard (dimensionless) at time t; kk ¼ killing rate
(flea/ng/h); CTH ¼ toxic metal threshold concentration (ng/flea).

For this research, the negative control group did not show any
toxicity. Therefore, the survival probability can be expressed as (Tan
and Wang, 2012):

SðtÞ¼
�
1 if CtissueðtÞ � CTH
e�HðtÞ if CtissueðtÞ>CTH

(7)

where S(t) ¼ survival probability of the test organism at time t.
By combining Equations (6) and (7), we obtain a modified tox-

icodynamic model for this application:

SðtÞ¼
�
1 if CtissueðtÞ � CTH

e�kk�ðCtissueðtÞ�CTHÞt if CtissueðtÞ>CTH
(8)

Kinetic parameters were determined by using the least-squares
algorithm during the nonlinear regression analysis of the experi-
mental data. The quality of the data fitting was evaluated by the
coefficient of determination (R2).

3. Materials and methods

3.1. Chemicals, NPs, organisms, and solutions

All the chemicals used in this research were acquired from
Fisher Scientific (Fair Lawn, New Jersey, USA), unless otherwise
specified. CaSO4∙2H2O (98%), Na2SeO4 (99%), NaHCO3 (100.2%,
Pb < 5 mg/kg), MgSO4 (Pb < 0.001%), and KCl (99%) were used to
prepare a culture medium buffer (Supplementary information).
Pb(NO3)2 was used to prepare the Pb stock solution. Trace metal
grade nitric acid was used for sample digestion. A certified Pb
standard solution, at 1000 mg/L, was used to develop standard
calibration curves for Pb analyses. Nano-TiO2 (5e10 nm, anatase,
99%), purchased from Skyspring Nanomaterials Inc. (Houston, TX,
USA), was used to prepare testing solutions. Algae (Raphidocelis)
and a mixture of yeast, trout chow, and cereal leaves (YTC)
(Pb < 1 mg/L), acquired from ABS Inc. (Fort Collins, CO, USA), were
used as daily food for the C. dubia mass culture. The same algae
(Raphidocelis) were also used in the accumulation, depuration, and
toxicity tests. The starter C. dubia was purchased from MBL Aqua-
culture (Sarasota, FL, USA), and cultured in our lab using a culture
medium that contained 1.8 � 105 cell/mL of algae and 6.8 mg/L of
YTC (as a total solid), based on the EPA standard method, EPA-821-
R-02-012 (EPA, 2002).
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All test solutions were prepared using Milli-Q (MQ) water
(resistivity ¼ 18.2 MU cm). The culture medium buffer, moderate
hardness synthetic water (pH¼ 7.8 ± 0.2, hardness¼ 85 ± 5mg/L as
CaCO3), was prepared by dissolving appropriate amounts of
CaSO4$2H2O, Na2SeO4, NaHCO3, MgSO4, and KCl into MQ water,
following the EPA standard method (EPA, 2002). The stock solution
of 1000 mg/L Pb(II) was prepared by dissolving an appropriate
amount of Pb(NO3)2 in MQ water, and then acidified it with trace
metal grade nitric acid to a pH of less than 4 to prevent Pb
precipitation.

All mass culture and toxicity tests were conducted in a laminar
flow hood (SVC-6AX, Streamline® laboratory products, Fort Myers,
FL, USA) within a temperature-controlled chamber (25 �C). The
chamber was set at a light to dark cycle of 16 he8 h to mimic the
natural day and night light cycle.

3.2. Accumulation test

C. dubia neonates were used to conduct Pb toxicity tests ac-
cording to EPA procedures (EPA, 2002). Ideally, the same C. dubia
neonates should be used to conduct Pb accumulation and depu-
ration tests. However, because the neonates were extremely fragile
and could not survive the multiple manual steps of the accumula-
tion and depuration tests, it was not practical to use them for both
of these tests. Instead, we used C. dubia adults (2 weeks old) to
conduct the Pb accumulation and depuration tests, and used this
information to elucidate the Pb accumulation pattern in neonates.

In order to evaluate the toxicity in the acute test, relatively high
concentrations of Pb and nano-TiO2 were used in the accumulation
and toxicity tests. For the accumulation test, a test solution con-
taining 2500 mg/L of Pb(II) was prepared by diluting the Pb stock
solution with 1 L of culture medium buffer in a 1 L HDPE bottle. A
total of 50 mg of dry nano-TiO2 particles was also added to the
bottle to obtain a 50 mg/L nano-TiO2 concentration. The test solu-
tion was then mixed using a mechanical shaker for 24 h. After
mixing, approximate 10 mL of the test solutionwas collected to test
the final pH, which was determined to be in the range of 7.4e7.8.
This test solution was then used to conduct an accumulation test
using a series of 125mLHDPE bottle reactors that contained 100mL
of the test solution each.

Adult C. dubia (2 weeks old) were used to conduct the accu-
mulation test. Four reactors, representing four accumulation time
points, 1, 2, 4, and 6 h, respectively, were used. For each reactor,
approximately 50 adult C. dubia were used. Before being added to
the reactor, the C. dubia were washed three times with a clean
culture medium buffer to eliminate any food adsorbed on the
surface of the C. dubia during culturing. The C. dubia were then
placed in the reactor for an accumulation test. After designated
exposure time periods (1, 2, 4, or 6 h), the C. dubia were collected
and washed three times with the clean culture medium buffer to
remove particles from the surface. The C. dubia were then filtered
through a 0.297 mm sieve, counted, and transferred to a digestion
vessel that contained 5 mL of nitric acid. They were digested at
95 �C for 12 h in a hotblock digester with a Watlow mini controller
(Watlow mini-0R10-000G). The digested sample was then diluted
and analyzed for soluble Pb analysis. The total Pb content in each
C. dubiawas then calculated, based on the soluble Pb concentration
of the digestion solution. A control group that did not contact the
test solution was also digested and used to determine the back-
ground Pb content, which was 0.12 ng/flea. The net accumulation of
Pb during the accumulation process was calculated by subtracting
the background Pb content from the total Pb content. All accumu-
lation experiments were conducted in duplicate.

The impact of algae on Pb accumulation was also tested by
following a similar procedure as above, except that the test solution
contained not only 2500 mg/L of Pb and 50 mg/L of nano-TiO2, but
also algae. Two algae concentrations, 1.8 � 105 and 5.4 � 105 cell/
mL, respectively, were used. The algae concentrations were ach-
ieved by transferring appropriate volumes of the algae stock solu-
tion (3 � 107 cell/mL) to a test solution containing Pb and nano-
TiO2.

3.3. Depuration test

The Pb depuration test was conducted by following the pro-
cedure used by Gillis et al. (2005). In brief, six groups of C. dubia,
representing six depuration times, 0, 1, 2, 4, 6, and 8 h, were used
for the test. Each group contained approximately 50 adult C. dubia.
Before depuration, each group C. dubiawas placed in a 100 mL test
solution that contained 2500 mg/L of Pb and 50 mg/L of nano-TiO2
for 2 h, respectively, to uptake Pb. The C. dubiawere then collected
and washed three times with a clean culture medium buffer to
remove any residual Pb from the surface. The group of C. dubiawith
a 0 h depuration time was directly digested without going through
the depuration process. The rest of the five groups of C. dubiawere
transferred to five reactors that contained 100 mL of depuration
solution (clean culture medium bufferþ 1.8 � 105 cell/mL of algae),
respectively, for depuration. After pre-selected depuration times (1,
2, 4, 6, and 8 h), C. dubia were collected, washed, filtered, counted,
and digested in nitric acid. The Pb concertation in the digestion
solutionwas measured and used to calculate the total Pb content in
the C. dubia. The background Pb content was determined by using a
group of 50 C. dubia that did not go through the Pb uptake and
depuration procedures and was the same as that measured for the
accumulation control group (0.12 ng/flea). The final accumulated Pb
in C. dubiawas calculated by subtracting the background Pb content
from the total Pb content.

3.4. Toxicity test

The toxicity tests were conducted by following an EPA method
(EPA, 2002). Two types of toxicity tests were conducted. The first
type was to determine the effect of exposure time on toxicity and
the second type was to determine the effect of Pb concentration on
24 h toxicity.

For the first type of toxicity test (effect of exposure time), two
test solutions were used: both contained 2500 mg/L of Pb and
50 mg/L of nano-TiO2, while one was supplemented with
1.8� 105 cell/mL of algae. For each test solution, the survivorship of
C. dubia neonates in different exposure times (ranging from 0 to
24 h) were monitored each hour. In brief, a total of 20 healthy
neonates (at an age of less than 24 h) and four 30 mL medicine cup
reactors (containing 15mL of the test solution each) were used. Five
neonates were washed three times with the clean culture medium
buffer to remove residual food from their surface before trans-
ferring them to each test reactor. A plastic dropper, with a 3 mm
diameter opening, was used to transfer neonates to prevent any
damage to them. The survival of the neonates was visually moni-
tored each hour, and dead neonates were removed from the test
reactor until 24 h had elapsed.

For the second type of test (effect of Pb concentration), two
series of test solutions were used: both contained Pb in a series of
different concentrations (1,000, 1,500, 1,750, 2,000, 2,500, and
5000 mg/L) and the same 50 mg/L of nano-TiO2, and one was sup-
plemented with 1.8 � 105 cell/mL of algae. Procedures were the
same as that described above for the first type of toxicity test,
except that four replicate reactors were used for each Pb concen-
tration and survival was examined only after 24 h of exposure.
Different Pb concentrations were used to validate the toxicody-
namic model parameters determined from the first type of toxicity
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test (effect of exposure time).

3.5. Analytical method

To determine the soluble Pb concentration in test solutions,
10 mL of the solution was first centrifuged at 2000 G for 10 min to
remove particles. The supernatant was then collected, acidified,
and analyzed using a graphite furnace atomic absorption spectro-
photometer (GFAA) (Perking Elmer AAnalyst 600), which has a Pb
detection limit of 0.5 mg/L. The Pb concentration results and in-
strument performance were checked periodically by using certified
Pb standard solution. The acceptance range of sample recovery and
instrument performance were set to be 80e120% and 90e110% of
certified Pb standard solution, respectively.

4. Results and discussion

4.1. Pb accumulation in the presence of nano-TiO2

Fig. 2 shows the Pb accumulation data (filled circles) in C. dubia
during the 6 h testing period. Equations (1)e(3) were used to fit the
experimental data. The modeling result (solid line) was in good
agreement with the experimental data (R2 ¼ 0.98). The related
model parameters were also determined, shown in Table 1. By using
the model parameters, we were able to estimate the Pb accumu-
lation in different compartments of C. dubia. The dashed line was
the estimated gut accumulation of Pb. The estimation indicates that
gut Pb accumulation was very fast and took less than 2 h to reach
the maximum value. The fast gut accumulation was caused by the
active uptake of the particulate Pb through the mouth. The dotted
line in Fig. 2 shows the modeled Pb tissue accumulation, which
gradually increased at a relatively constant rate. Compared to gut
accumulation, Pb tissue accumulation was much slower. Pb is a
non-essential element, which does not have any physiological
function in cells or specific uptake pathways (ICMM, 2007). In
addition, Pb uptake has been shown to be mainly through the
calcium (Ca) ion channel (Kerper and Hinkle, 1997). Our culture
mediumwas a moderately hard water, which had a much higher Ca
concentration than Pb. These resulted in a slow Pb tissue
accumulation.

We also used Equations (1)e(3) to model the accumulation of
iron (Fe), an essential element, using a test solution that contained
2500 mg/L of Fe and 50 mg/L of nano-TiO2 (Fig. S1, supplementary
information). The purpose of this test was to determine the dif-
ference between non-essential elements and essential elements in
terms of tissue accumulation. Experimental data showed that Fe
Fig. 2. Accumulation of Pb in C. dubia in the presence of nano-TiO2. Condition of the
exposure medium: [Pb] ¼ 2500 mg/L; [nano-TiO2] ¼ 50 mg/L.
had an accumulation pattern that was similar to that of Pb. How-
ever, Fe exhibited a significantly higher tissue accumulation rate
than Pb. This was because Fe is an important component in the
electron transport chain during the metabolic process (Wang and
Pantopoulos, 2011).
4.2. Model simplification

Table 1 shows that the tissue accumulation rate constant j, that
denotes Pb diffusion from the surrounding test solution to the
tissue, was very small. In addition, the body depuration rate con-
stant k2e, that indicates Pb depuration from tissue to surrounding
solution through diffusion, was also very small, much smaller than
the constant gut depuration rate constant k1e. Therefore, the tissue
had very little ability to directly accumulate Pb from and depurate
Pb to the surrounding solution. Consequently, we could simplify the
tissue accumulation kinetic model by neglecting these two
pathways:

dCtissueðtÞ
dt

¼ k12CgutðtÞ (9)

The corresponding analytical solutions for the simplified version
of the two-compartment accumulation model (Equations (1), (2),
and (9)) are:

CgutðtÞ¼
CT
CNP

� k

k12 þ k1e
�

0
BB@1� e�ðk12þk1eÞt

1
CCA (10)

CbodyðtÞ¼
CT
CNP

�k�k12e�ðk12þk1eÞt
�
eðk12þk1eÞt�ðk12tþk1et�1Þþ1

�

ðk12þk1eÞ2
(11)

The curve fitting results and related constants, using Equations
(10) and (11), are also presented in Fig. 2 and Table 1. Note that the
new curve from the simplified model completely overlaps with the
curve that is based on the original model. Importantly, the new
constants are also consistent with the ones obtained before
simplification. Modeling results revealed that active ingestion
through the mouth was the only meaningful Pb accumulation
pathway, not only for the gut, but also for the tissue of C. dubia. In
addition, all Pb depuration occurred from the gut.

The direct tissue accumulation of Pb from a solution could be
through a slowdiffusion process such as that of arsenic (Wang et al.,
2014). In addition, in the presence of nano-TiO2, the soluble Pb
concentration was reduced to a very low level (<10 mg/L) due to
adsorption of Pb by nano-TiO2, which further reduced the driving
force for diffusion. Therefore, the direct accumulation of Pb from
solution was negligible, as compared to that from the active mouth
uptake and gut transfer. The direct tissue depuration of heavy
metals to the surrounding solution was an ATP-based biological
process, which involved specific transporters (Silver, 1996). This
resulted in a very low Pb depuration rate, which was negligible
when compared to that from the gut depuration. This is supported
by Gillis et al. (2005) who also reported very low heavy metal
depuration rates from the tissue of D. magna. On the contrary, the
heavy metal depuration from the gut was influenced by gut pH,
which was 6.0e6.8 for C. dubia (Ebert, 2005). Pb carried into the gut
by the nano-TiO2 could be desorbed within the gut and quickly
flushed out of C. dubia through the anus. Furthermore, the newly
ingested nano-TiO2 could then physically squeeze the previously
accumulated nano-TiO2, along with the adsorbed Pb, out of the gut



Table 1
Two-compartment accumulation model parameters.

Test Solutiona k (mg/flea/h) j (L/flea/h) k12 (h�1) k1e (h�1) k2e (h�1) AEb (%) R2

Before model simplification
Pb þ nano-TiO2 1.022 � 10�3 1 � 10�6 0.155 2.357 1 � 10�3 6.175 0.98
After model simplification
Pb þ nano-TiO2 1.022 � 10�3 N.A. 0.155 2.357 N.A. 6.175 0.98
Pb þ nano-TiO2þalgae (1.8 � 105 cell/mL) 0.926 � 10�3 0.080 2.357 3.282 0.93
Pb þ nano-TiO2þalgae (5.4 � 105 cell/mL) 0.693 � 10�3 0.080 2.357 3.282 0.95

a All test solutions contain [Pb] ¼ 2500 mg/L; [nano-TiO2] ¼ 50 mg/L.

b AE ¼ assimilation efficiency; AE ¼ k12
k12 þ k1e

(Pan et al., 2016).
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through the anus (Gillis et al., 2005). Both processes led to a much
greater Pb depuration rate from the gut than that from the tissue.
4.3. Depuration modeling

We conducted a depuration experiment in a test solution that
contained 1.8 � 105 cell/mL of algae. The algae was used to support
the life of C. dubia and also speed up the depuration process. The
depuration data were modeled using Equation (5) to determine the
depuration kinetic constants. These constants were then used to
calculate the Pb distribution in the C. dubia compartments at
different depuration times, including at the beginning of the dep-
uration. For this experiment, the C. dubiawere initially exposed to a
test solution that contained 2500 mg/L of Pb and 50 mg/L of nano-
TiO2 for 2 h, to accumulate Pb before placing them into the depu-
ration solution. Therefore, the Pb accumulation in both compart-
ments after 2 h of exposure in this test solution could also be
determined using the depuration model. Fig. 3 shows the experi-
mental Pb depuration results (filled circles), model calculations
(smooth curves), and model parameters. Results suggest that the
depuration was mostly from the gut (dashed line), and that there
was hardly any depuration from the tissue (dotted line). The high
depuration rate from the gut was most likely caused by the algae,
which can quickly remove nano-TiO2 along with adsorbed Pb from
the gut. After 8 h of depuration, all Pb in the gut was eliminated. In
contrast, tissue depuration of Pb is an biological process that needs
a specific transporter (Silver, 1996), which was extremely slow.
Therefore, the reduced Pb content during the depuration process
was from gut elimination, and the remaining Pb after depuration
wasmostly in the tissue. The depurationmodeling results indicated
that, at the beginning of the depuration process (i.e., after 2 h of
exposure in a test solution containing 2500 mg/L of Pb and 50 mg/L
Fig. 3. Pb depuration from C. dubia in a culture medium that contained algae
(1.8 � 105 cell/mL) after exposure in a medium that contained Pb and NPs. Conditions
of the exposure medium: [Pb] ¼ 2500 mg/L; [nano-TiO2] ¼ 50 mg/L; pre-exposure time
before depuration: 2 h.
of nano-TiO2), Pb accumulation in the gut and in the tissue were 22
ng/flea and 5.2 ng/flea, respectively. These results are in good
agreement with those from the accumulation modeling when us-
ing Equations (10) and (11), which showed 20.2 ng/flea in the gut
and 5.2 ng/flea in the tissue. This confirms that the two-
compartment accumulation model is appropriate to quantify Pb
accumulation in each compartment of the C. dubia.

As indicated in Fig. 3, the Pb in the gut was completely depu-
rated in 8 h. However, the Pb in the tissue did not change in the 8 h
depuration period. Therefore, the Pb accumulation in the entire
body after 8 h of depuration can be considered as the Pb in the
tissue throughout the entire depuration period, including the
beginning of the depuration process. The Pb accumulation in the
gut at the beginning of depuration can be estimated by subtracting
the Pb accumulation in the tissue (i.e., the Pb in the entire body
after 8 h of depuration) from the total Pb accumulation in the entire
body at the beginning of depuration. Therefore, by measuring the
Pb in the entire body of C. dubia at the beginning of depuration and
after 8 h of depuration, respectively, we could estimate the Pb
accumulation in the gut and that in the tissue at the beginning of
depuration.

4.4. Algae impact on Pb accumulation

The widely distributed algae are a natural food source for
aquatic organisms. Therefore, when investigating the toxicity of
contaminants, the effect of algae should be considered. Many
studies have shown that algae can enhance the accumulation of
toxic metals and/or NPs in organisms and, therefore, affect their
toxicity (Liu et al., 2019; Petersen et al., 2009; Su et al., 2018;
Svensson, 2003). Fig. 4 shows Pb accumulation data (filled circles)
in the presence of 2500 mg/L of Pb and 50 mg/L of nano-TiO2 under
two algae concentrations, 1.8 � 105 cell/mL and 5.4 � 105 cell/mL,
respectively. By fitting the experimental data using the simplified
two-compartment accumulation model, Equations (10) and (11),
we could determine the accumulation kinetic constants as effects of
algae, shown in Table 1. These constants were used to calculate Pb
accumulations in the gut and the tissue (shown as dashed and
dotted curves, respectively).

The Pb accumulation pattern was similar to that without algae.
However, algae reduced Pb accumulation in both the gut and the
tissue. We also validated the two-compartment accumulation
model by using depuration experimental results (data not shown).
The model parameters in Table 1 suggest that the presence of algae
significantly reduced the gut uptake constant k of Pb. Because algae
had a much lower Pb adsorption capacity than nano-TiO2 (Liu et al.,
2019), and they occupied some gut space after ingestion, the
accumulation of nano-TiO2 and associated Pb was reduced in
C. dubia. The small insert in Fig. 4b shows that the Pb gut uptake of
rate constant k was linearly reduced with an increase in algae
concentration. The model parameters also indicate that, for both
algae concentrations, algae reduced the Pb transfer rate from the



Fig. 4. The accumulation of Pb in C. dubia with different concentrations of algae. (a)
1.8 � 105 cell/mL of algae and (b) 5.4 � 105 cell/mL of algae. The small insert is the plot
of Pb gut uptake constant as a function of algae concentration. Other conditions of the
exposure medium: [Pb] ¼ 2500 mg/L; [nano-TiO2] ¼ 50 mg/L.

Fig. 5. Survival of C. dubia in the presence of Pb and nano-TiO2. (a) Survival at different
exposure times, using a test solution that contained 2500 mg/L of Pb and 50 mg/L of
nano-TiO2. (b) Survival for 24 h in test solutions that contain 50 mg/L of nano-TiO2 and
different concentrations of Pb (mg/L).
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gut to the tissue by approximately 50%, and also reduced the
assimilation efficiency (AE) of Pb by approximately 50%. Because
the ingestion of algae can reduce the gut passage time of nano-TiO2
(Tan andWang, 2017), the Pb transfer from the gut to the tissue and
the Pb assimilation efficiency were reduced.

It is interesting to note that, for both algae concentrations, and
even for a condition without algae, the gut depuration rate of
constant k1e was the same. The gut depuration of heavy metals is a
physical-chemical process. The adsorbed Pb on nano-TiO2 was first
released as soluble Pb ions within the gut, and some of these ions
were depurated from C. dubia through the anus. The desorption of
Pb from nano-TiO2 is controlled by the gut pH, which was relatively
constant (pH ¼ 6.0e6.8) under different conditions (Ebert, 2005).
The algae might not change the gut pH and, thus, the gut depu-
ration rate of constant k1e was the same.

It is also important to note that, for both algae concentrations,
the gut to tissue transfer rate of constant k12 was the same. Algae
reduced the Pb transfer rate from the gut to the tissue due to
dilution of the gut Pb by the algae. However, the Pb transfer from
the gut to the tissue is a biological process, which depends on ion
channels and protein transporters (Kiela and Ghishan, 2016). It is
possible that different concentrations of algae did not change the
biological activity that was related to the rate of Pb transfer from
the gut to the tissue.

4.5. Effect of nano-TiO2 on Pb toxicity

In a previous studywe found that 2500 mg/L of Pb alone had very
low accumulation and toxicity, with a 24 h mortality of less than
10%, but nano-TiO2 significantly increased Pb toxicity (Liu et al.,
2019). In addition, we found that nano-TiO2 alone, up to
1000 mg/L, did not result the death of C. dubia (Hu et al., 2012a; Liu
et al., 2019). Gillis et al. (2005) reported that a heavy metal accu-
mulation in the tissue is responsible for toxicity. He et al. (2019)
reported the positive relation between heavy metal body accu-
mulation and toxicity. Together, these findings suggested that
nano-TiO2 enhanced Pb accumulation in tissue that develops
toxicity. Fig. 5a shows that the observed survivorship of C. dubia
decreased with an increase in exposure time (filled circles), which
suggests that the decrease in survivorship correlates with the in-
crease in Pb tissue accumulation.

Our previous research indicated that accumulations of heavy
metals and NPs in adult C. dubia were positively correlated to
toxicity in C. dubia neonates (Hu et al., 2012c; Liu et al., 2019; Wang
et al., 2011a). Therefore, we can correlate the experimental survi-
vorship data from C. dubia neonates (S(t)) with the projected Pb
tissue accumulation in C. dubia adults during a 24 h exposure
period (Ctissue(t)) by using the toxicodynamic model, Equation (8),
to determine the relevant constants in the model. The estimated
Ctissue(t) during the 24 h accumulation period was calculated using
Equation (11), based on parameters in Table 1, shown as the dotted
curve in Fig. 5(a). The solid curve in Fig. 5(a) is the curve fitting
results, which agrees with the experimental survivorship data.
Based on the curve fitting, the Pb threshold concentration was
determined to be CTH ¼ 25.87 ng/flea, and the killing rate was
determined to be kk ¼ 5 � 10�4

flea/ng/h. These constants are also
listed in Fig. 5(a). By comparing the survivorship data and the
projected Pb tissue accumulation, it is apparent that the response of
C. dubia to Pb toxicity was instantaneous, as soon as Pb tissue



Fig. 6. Survival of C. dubia in the presence of Pb, nano-TiO2, and algae. (a) The survival
at different exposure times using a test solution that contained 2500 mg/L of Pb, 50 mg/
L of nano-TiO2, and 1.8 � 105 cell/mL of algae. (b) 24 h survival in test solutions that
contained 50 mg/L of nano-TiO2, 1.8 � 105 cell/mL of algae, and different concentra-
tions of Pb (mg/L).
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accumulation exceeds the threshold value. Therefore, the maximal
Pb tissue accumulation at the end of the exposure period can be
used to reflect the concentration factor during hazard assessment,
as defined in Equation (8).

To validate the applicability of the two-compartment tox-
icodynamic model, Equations (8) and (11), we conducted inde-
pendent 24 h toxicity experiments using a series of test solutions
that contained 50 mg/L of nano-TiO2 and different concentrations
of Pb. Fig. 5(b) shows the experimental 24 h survivorship as a
function of the Pb concentration data in filled circles.

The change in Pb concentration could proportionally alter the
adsorption density of Pb on nano-TiO2, thus changing the Pb
accumulation in the gut due to its limited space for holding nano-
TiO2. This implies a change in Pb tissue accumulation and a
consequential reduction of survivorship with increasing Pb con-
centration. To predict 24 h survivorship under different Pb con-
centrations, we first used the parameters developed in the Pb
accumulation experiments in Table 1 to calculate Pb tissue accu-
mulation using Equation (11), shown as the dotted line in Fig. 5(b).
We then used the same Pb threshold concentration CTH and the
killing rate kk determined through modeling the time-dependent
survivorship data (Fig. 5(a)), and the toxicodynamic model Equa-
tion (8), to predict the 24 h survivorship of C. dubia under different
Pb concentrations, shown as the solid curve in Fig. 5(b). The pre-
diction results described the experimental data in the entire Pb
concentration range very well. Consequently, the two-
compartment toxicodynamic model, Equations (8) and (11), is
appropriate to not only simulate Pb toxicity, but also predict Pb
toxicity under other Pb concentrations, in the presence of 50 mg/L
of nano-TiO2. Note that Equation (11) can be combined with
Equation (8) to directly calculate the survivorship of Pb as a func-
tion of Pb concentration and accumulation time, without actually
calculating Ctissue(t) as an intermittent step.

4.6. Algae impact on the combined toxicity of Pb and nano-TiO2

Algae significantly reduced the combined toxicity of Pb and NPs.
In this work, we quantified the algae effect on the combined
toxicity of Pb and nano-TiO2, using the two-compartmentmodeling
approach. The time-dependent experimental survivorship data
over a 24 h period, with 2500 mg/L of Pb, 50 mg/L of nano-TiO2, and
1.8 � 105 cell/mL of algae, are shown in Fig. 6(a) (filled circles). To
model these data using Equation (8), we first calculated the 24 h Pb
tissue accumulation using Equation (11) and related constants in
Table 1, shown as the dotted curve in Fig. 6(a). We then applied
these values to Equation (8), to model the experimental survivor-
ship data and determine the threshold concentration CTH and the
killing rate kk for this particular test solution. The curve fitting re-
sults and the related model parameters are shown in Fig. 6(a).

The modeling results described the experimental survivorship
data very well. Compared to Fig. 5(a), the presence of 1.8 � 105 cell/
mL of algae significantly increased the survivorship of C. dubia. The
parameters suggested that the ingestion of algae did not change the
toxic metal threshold concentration CTH, but reduced the killing
rate kk by approximately 15%. The major toxicity mechanism of
heavy metals is the production of reactive oxygen species (ROS)
(Ercal et al., 2001). Algae, as a food source, can provide energy to
elevate antioxidant levels in organisms to neutralize ROS (Poljsak
et al., 2013). In addition, some algae may directly serve as antiox-
idants (Kelman et al., 2012; Romay et al., 1998). Both of these effects
could possibly mitigate the toxic effect of Pb and, thus, reduce the
killing rate.

By comparing the parameters in the Pb accumulation modeling
and the Pb toxicodynamic modeling, respectively, it was apparent
that algae mitigated the combined toxicity of Pb and nano-TiO2
through two aspects: physical and biological. In the physical aspect,
algae spatially reduced Pb accumulation in the tissue of C. dubia. In
the biological aspect, algae provided energy to organisms and
reduced the killing rate.

In order to validate the two-compartment toxicodynamic model
in the presence of algae, we analyzed the 24 h toxicity test data
obtained from test solutions that contained 50 mg/L of nano-TiO2,
1.8� 105 cell/mL of algae, and various concentrations of Pb. Fig. 6(b)
shows the experimental data (filled circles) and the model pre-
diction (solid curve). The model prediction was performed using
Equations (8) and (11), based on parameters in Table 1 and Fig. 6(a).
Fig. 6(b) shows that the model prediction was in agreement with
the experimental data, indicating that the two-compartment
modeling approach can be used to predict the combined toxicity
of Pb and nano-TiO2 in the presence of algae. Collectively, this two-
compartment modeling approach provides a predictive tool for
toxicity assessment under these complex conditions.

NPs could impact the toxicity of environmental toxins through
multiple mechanisms, including adsorption/desorption, active up-
take, diffusion, metabolic transfer, and many more. The presence of
algae, a natural food source, makes this interaction more complex.
Therefore, appropriate modeling is essential in integrating these
impacts and providing a comprehensive understanding of toxicity
mechanisms. This research links the two-compartment accumula-
tion model that predicts the metal distribution within the C. dubia,
with the toxicodynamic model that predicts the toxicity response
of C. dubia. Consequently, advancement in interpreting the impacts
of NPs in complex ecosystems can be achieved. This model could
provide insight into the metal toxicity mechanisms in the presence
of NPs from the perspective of metal accumulation. However, some
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environmental conditions, such as NPs dissolution, presence of
other toxic metals, organic matter, thermal stress, and pH, could
lead the metal precipitation and/or speciation change, thereby
altering toxicity behavior. The interactions among these conditions,
the target heavy metal ion, and the organism responses need be
considered when using this model to elucidate the toxicity
mechanisms.

5. Conclusions

In this research we developed a two-compartment modeling
approach to quantify Pb accumulation and toxicity in the presence
of nano-TiO2. The modeling results suggested that the Pb was
quickly accumulated in the gut of C. dubia, and then slowly trans-
ferred to body tissue. The Pb toxicity was related to Pb accumulated
in the body tissue and accumulation time, which can be quantified
using this two-compartment modeling approach. Results also
indicated that algae could reduce the combined toxicity of Pb and
nano-TiO2, and this effect could also be quantified using the two-
compartment modeling approach. The model revealed that algae
could reduce the Pb accumulation in C. dubia and the killing rate of
Pb. However, 1.8 � 105 cell/mL of algae did not change the Pb
tolerance level in C. dubia.
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