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Rare earth element (REE) coagulants are prime contenders in wastewater treatment plants to remove phospho-
rus; unlike typical coagulants, they are not affected by pH. However, the use of REEs in wastewater treatment
could mean increased human exposure to lanthanides (Ln) through wastewater effluent discharge to the
environment or through water reuse. Information on the toxicity of lanthanides is scarce and, where available,
there are conflicting views. Using in vitro bioassays, we assessed lanthanide toxicity by evaluating four
relevant endpoints: the change in mitochondrial membrane potential (Δψm), intracellular adenosine triphos-
phate (I-ATP), genotoxicity, and cell viability. At less than 5000 μmol-Ln3+/L, lanthanides increased the Δψm,
while above 5000 μmol-Ln3+/L, the Δψm level plummeted. The measure of I-ATP indicated constant levels of
ATP up to 250 μmol-Ln3+/L, above which the I-ATP decreased steadily; the concentration of La, Ce, Gd, and Lu
that triggered half of the cells to become ATP-inactive is 794, 1505, 1488, 1115 μmol-Ln3+/L, respectively.
Although La and Lu accelerated cell death in shorter studies (24 h), chronic studies using three cell growth cycles
showed cell recovery. Lanthanides exhibited antagonistic toxicity at less than 1000 μmol-Ln3+/L. However, the
introduction of heavy REEs in a solution amplified lanthanide toxicity. Tested lanthanides appear to pose little
risk, which could pave the way for lanthanide application in wastewater treatment.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Processes like fertilizer application in agriculture, damaged septic
systems and urban wastewater systems can cause elevated discharges
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of phosphorus into the hydrosphere. As low as 0.1 mg/L phosphorus is
sufficient to initiate water pollution through eutrophication (Correll
1998), which can lead to algal blooms and oxygen depletion that
cause fish death and resource loss (Abbas et al., 2020). Hence, there is
a need to remove phosphorus from wastewater before it is discharged
to water bodies. The use of lanthanide elements—namely lanthanum
(La), cerium (Ce), gadolinium (Gd), and lutetium (Lu)—through coagu-
lation and adsorption processes is a promising approach to remove and
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retrieve phosphorus from wastewater (Kulperger et al., 2001; Recillas
et al., 2012;Wang et al., 2016). However, this processwould result in re-
sidual lanthanide concentrations in the wastewater effluent that is
discharged to the environment. Through coagulation, 1.2 mol of Ln3+

are sufficient to precipitate 1.0 mol of phosphorus from wastewater
leaving at most 0.5 mg Ln3+/L effluent concentration (Kajjumba et al.,
2021). Due to different anthropogenic activities (e.g. medical, electron-
ics and energy industries), 1.0 ng Ln3+/L to 10.0 μg Ln3+/L has been de-
tected in environmental water sources (Blinova et al., 2018; Herrmann
et al., 2016; Weltje et al., 2002).

As policy makers mandate lower phosphorus effluent levels from
wastewater treatment plants (WWTPs), treatment plants will seek
out more efficient materials/chemicals like lanthanides. However,
the application of lanthanides in WWTPs begs the question—“are
they introducing another toxic chromium?” Toxicological studies of
lanthanides are relatively scarce to date. At concentrations as low
as 0.3-0.5 mg/L, lanthanides induced significant chronic toxicity in
microcrustaceans (Blinova et al., 2018). The study of lanthanide tox-
icity with RAW264.7 cell line and HUCPV stem cells elicited that 148-
372 mg/L was sufficient to inhibit cell function process to half
(Feyerabend et al., 2010). Other studies have shown that lanthanides
can affect the liver, brain, lungs, and blood, causing proinflammatory
cytokines (Herrmann et al., 2016; Pagano et al., 2015). Nevertheless,
little is understood about their mechanisms of toxicity.

Experimental studies in cell lines and bacteria are commonly used to
quickly identify possible toxic substances and assess their possible mech-
anism of toxicity (Huang et al., 2008). Assaysmay assess one ormore tox-
icity endpoint, such as carcinogenicity, ecotoxicity, genotoxicity and
neurotoxicity, among others. In eukaryotic cells, mitochondria act as the
powerhouse; shortage of adenosine triphosphate (ATP) can lead to cell
death. Contaminants that can distort mitochondrial membrane potential
could lead to the onset of many disorders, including cancer, diabetes,
and neurodegenerative and cardiovascular diseases (Attene-Ramos
et al., 2015; Lesnefsky et al., 2001; Pieczenik andNeustadt, 2007).Measur-
ing cytotoxicity or cell viability provides a general view of a compound's
toxicity, and multiple methods have been employed for rapid chemical
screening, including ATP assays, resazurin or other dyes, and the lactate
dehydrogenase assay. Various cell lines can be used in these bioassays
with human hepatoma (HepG2), human breast cancer (MCF7) and
human cervical carcinoma (HeLa) cells frequently employed. In water
treatment, a dye-based test using Chinese hamster ovary (CHO) cells
has been used to assess chronic toxicity of chemicals present in water
samples (Plewa et al., 2010). Cells like HepG2 and CHO are suitable for
in vitro studies because of their high degrees of morphological and func-
tional differentiation (Shen et al., 2012).

The objectives of this study were to explore the toxic properties of
lanthanides using a set of bioassays for cytotoxicity, genotoxicity, and
mitochondrial activity and a range of concentrations that might be per-
mitted/detected after lanthanide coagulant use in WWTPs. Specifically,
we aimed to (i) measure the acute effect of lanthanides on mitochon-
drial membrane potential that could lead tomitochondrial dysfunction;
(ii) explore the impact of lanthanides on intracellular ATP and cell via-
bility; (iii) estimate lanthanide chronic toxicity by using a well-
established CHO assay (Plewa et al., 2010), and (iv) evaluate whether
lanthanides are genotoxic or not. To further understand the combined
effect of lanthanides, different combinations of lanthanides were stud-
ied. In this study, La and Ce represented light lanthanides, while
gadolinium and lutetium represented medium and heavy REEs, respec-
tively. Furthermore, the tests presented here could offer guidance on
developing lanthanide operation permits and bioanalytical monitoring
tools in water quality assessment and monitoring.

2. Materials and methods

The HepG2 cells and Eagle's minimum essential medium (EMEM)
were supplied by ATCC™ (Manassas, VA, USA). CHO cells were obtained
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fromDr.Michael Plewa's lab. F-12 and fetal bovine serum(FBS)were sup-
plied by Gibco™ (Gaithersburg, MD), while penicillin-streptomycin solu-
tion, 200× signal enhancer, 10× buffer solution were supplied by
HyClone™ (South Logan, UT, USA). Mitochondrial membrane potential
indicator was obtained from Codex™ (Gaithersburg, MD, USA). The Cell
Titer Blue® and CellTiter-Glo® cell viability assays were supplied by
Promega (Madison, WI, USA). The umuC assay was supplied by EBPI™,
Canada. Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP)
was purchased fromSigma-Aldrich (St. Louis,MO,USA). Lanthanumchlo-
ride (LaCl3‧7H2O, CAS 10025-84-0, 99%), cerium chloride (CeCl3, CAS
18618-55-8, 99%), gadolinium chloride (GdCl3, CAS 13450-84-5, 99.9%),
and lutetium chloride (LuCl3, CAS 15230-79-2, 99.9%) were supplied
by Alfa Aesar (MA, USA). ACS-grade sodium chloride (NaCl, CAS 7647-
14-5) was purchased from Fisher Chemical.

2.1. Cell culture and treatment

The culturing ofHepG2 cells is described elsewhere (Sakamuru et al.,
2016). In summary, the cells are maintained in EMEM, a high glucose
medium with glutamine. The EMEM solution was supplemented with
10% fetal bovine serum and 1.0% penicillin-streptomycin solution. The
CHO cells weremaintained in an F-12 nutrient mixture with glutamine,
supplemented with 5.0% FBS and 1.0% penicillin-streptomycin solution.
The cells were cultured in T-75 flasks in a humidified environment at
37 ± 0.5 °C and 5.0 ± 0.2% CO2. After attaining 70% confluence, the
cells were either seeded in well plates for assay preparation or sub-
cultured to another flask; Fig. S1 shows the step-by-step preparation
of assays.

2.2. Mitochondrial membrane potential

Mitochondrial membrane potential (Δψm)was determined using the
Δψm indicator solution. Steps for preparation of Δψm indicator are sum-
marized in the Supplementary Materials, Section 1.1 (Sakamuru et al.,
2016). To each well of a 96-well black clear-bottom plate, 50 μL of
800,000 HepG2 cells/mL were seeded and incubated at 37 ± 0.5 °C in a
5±0.2% CO2 environment. At least 4 h after seeding, themediumwas re-
moved from each well, and each well was treated with 50 μL of the re-
spective lanthanide concentration (treatment), FCCP (positive control)
or medium (negative control). FCCP is a known mitochondrial inhibitor
that has shown to be an effective positive control for this assay
(Sakamuru et al., 2016). Lanthanide stock solutions were prepared in de-
ionized water from which aliquots were taken and mixed with cell me-
dium to create 50, 100, 250, 500, 1000, 2500, 5000, 8000, and 10,000
μM. It was ensured that the overall volume contribution of the aliquot
was less than 0.5% (v/v) to prevent medium dilution. The plate was
then incubated for 60 min before the addition of 50 μL of Δψm indicator
solution, after which the plate was incubated for 30 min. The level of
Δψm disruption was measured from the bottom of the plate at 485 nm
and 535 nm (green fluorescence), and 540 nm and 590 nm (red
fluorescence).

2.3. Intracellular ATP and cell viability

Intracellular ATP (I-ATP) studies were conducted in a 96-well
opaque white plate while cell viability studies were conducted in a
96-well black clear-bottomplate. Eachwell, except for positive controls,
was seeded with 50 μL of 800,000 HepG2 cells/mL. The plates were in-
cubated at 37.0 ± 0.5 °C in a humidified environment of 5.0 ± 0.2%
CO2 for at least 4 h to allow the cells to attach. Sections 1.2 and 1.3 in
the Supplementary Materials explain the process of measuring I-ATP
and cell viability. Lanthanides were obtained with chloride ligands;
therefore, NaCl was used as a control to determine the effect of chloride
ions. For this assay, positive control wells did not have any HepG2 cells
(i.e., wells contained medium only), while negative control wells had
HepG2 cells and did not receive lanthanide treatment.
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2.4. Chronic cytotoxicity assay

The effect of lanthanides on the growth of cells was studied with CHO
cells. By measuring the number of viable cells after 72 h (3-4 cell cycles),
chronic toxicity of a target contaminant canbe established. To eachwell of
a 96-well white clear-bottom plate, 100 μL of respective Ln concentration
(50-10,000 μM) prepared in cell medium was added. This was followed
by 100 μL of 30,000 cells/mL to all wells except for the positive controls.
The wells were covered with an aluminum plate seal and incubated at
37 °C in a humidified environment with 5 ± 0.2% CO2 for 72 h. After 72
h, the treatment was removed, and the cells were fixed with 50 μL of
methanol for 10min. The cellswere stainedwith 50 μL of crystal violet so-
lution for 10 min. After 10 min, the plate was washed in deionized water
to remove the unabsorbed crystal violet. Then 50 μL of methanol-
dimethyl sulfoxide solution (25:75 v/v) was added; the plate was kept
in the dark for 10 min before measuring the absorbance at 595 nm
(Attene-Ramos et al., 2006; Plewa et al., 2004). Wells without any CHO
cells were used as a positive control, while untreated wells were used as
a negative control. The assay detected 300 to 50,000 cells. CHO cell me-
dium was prepared, as shown in Table S1, and crystal violet solution
was prepared as indicated in Table S2.

2.5. Genotoxicity of REE

Genotoxicity was measured through β-galactosidase activity;
Salmonella typhimurium bacteria TA1535/pSK1002 were used to pro-
duce β-galactosidase in a umu-Chromotest™ assay (EBPI, Canada).
This assay provides an indirect approach for assessing genotoxicity
through activation of the SOS pathway, which is a cellular response to
DNAdamage. The induction of SOS-DNA response is observed as amea-
surable colorimetric endpoint. The genotoxicity assay procedure was
entirely based on the manufacturer's protocol (EBPI, Canada).

2.6. Additive, antagonistic, and synergistic (AAS) effects of lanthanides

The presence ofmore than one compound in awatermatrix can cause
a different effect as compared to an individual compound. The com-
pounds can inhibit each other as they compete for the same active sites
or show an increased response through synergistic effects. To understand
the AAS nature of lanthanides, we used the Chou-Talalay model (CT
model) to estimate combination indexes (CI) (Chou, 2010). The CT
model combines the Hill, Henderson-Hasselbalch, Michaelis-Menten,
and Scatchard equations to develop a robust model that can predict the
combined effect of drugs/contaminants. Fig. S2 explains the step-by-
step process of the CTmodel.When CI < 0.9, the combined impact of lan-
thanides is synergistic in nature,while 0.9 ≤CI ≤1.1 represents an additive
effect and CI > 1.1 signifies an antagonistic effect among lanthanides.

2.7. Data analysis

The Δψm, I-ATP, chronic toxicity, and cell viability were determined
as an average reduction in cell activity after exposure to lanthanide so-
lution as compared to the negative control (untreated). The ratio of vi-
able cells was calculated with Eq. (1). Here, As is the absorbance/
fluorescence/luminescence (A/F/L) of a sample, Bpc is the A/F/L of the
positive control (no-cell control or cells treated with FCCP for case of
Δψm) used to eliminate the effect of background noise, and CNC is the
A/F/L of the negative control (i.e., untreated cells). At least two indepen-
dent experiments were conducted for each assay, and the mean repre-
sents at least four data points. All results are presented as mean ± SD
(standard deviation).

Δψm=I−ATP=Cell viability=Chronic cytotoxicity response ¼ As−Bpc

CNC−Bpc
ð1Þ
3

2.8. Half-maximal response (EC50)

The half-maximal inhibitory concentration, EC50, is a toxicity mea-
sure which indicates the concentration of a compound that is needed
to inhibit a given biological process to half. A dose-response graph is
used in which the effect of the target response is plotted as a function
of compound concentration. TheHill equation iswidely used to describe
the growth-sigmoidal relationship; for this study, the dose-response
model Eq. (2) was used.

EC ¼ A1 þ A2−A1

1þ 10 log EC50−Cð Þα ð2Þ

Here, EC is the predicted effect of the lanthanide, A1 is theminimum
impact, A2 is the maximum effect, C is the lanthanide concentration, log
EC50 is the lanthanide concentration for which 50% of themaximum ef-
fect is obtained, and α is the Hill coefficient of sigmoidicity (Islami-
Moghaddam et al., 2009).

3. Results and discussion

3.1. Mitochondrial membrane potential

Mitochondria are double-membrane organelles that harness the en-
ergy that cells need to grow and reproduce (Aldridge and Street, 1964).
The inner mitochondrial membrane acts as a barrier to positively
charged particles (protons, H+), allowing a proton concentration gradi-
ent (Δp) between the matrix (fewer H+) and intermembrane space
(more H+) (Mitchell and Moyle, 1969; Nicholls and Budd, 2000). Just
as wind turbines use wind to generate energy, the F1/F0 complex (ATP
synthase) is driven by the proton gradient to synthesize ATP as protons
move from intermembrane space to the matrix. This process is main-
tained by Complexes I, II, III, and IV (Nicholls and Budd, 2000). The effect
that lanthanides have on the Δψm was studied on HepG2 cells using a
water-soluble Δψm indicator to measure changes in the Δψm as a
proxy for function. The cells were exposed to lanthanide solution for
90 min to measure the acute mitochondrial effect while minimizing
cell cytotoxicity (Attene-Ramos et al., 2015). When the cells are sub-
jected to Δψm indicator dye, healthy cells accumulate the dye in the in-
termembrane space, emitting red fluorescence under 540 nm and
590 nm excitation. However, when the Δψm gets disrupted, the Δψm
dye remains in the cytoplasm, emitting green fluorescence at 485 nm
and 535 nm excitation energy. The ratio of red/green fluorescence de-
termines the level of Δψm function compared to the control—untreated
cells (Sakamuru et al., 2016).

Fig. 1 shows the response of HepG2 during the1.5-h exposure to lan-
thanides. La, Ce, Gd, and Lu did not decrease the activity ofmitochondria
within the non-cytotoxic range (0-5000 μmol-Ln3+/L); in fact, mito-
chondrial activity slightly increased with concentration. At 5000 μmol-
Ln3+/L, Ce, La, and Lu significantly increased the cell response up to
127.5±11.9%, 139.7±9.8%, and138.3±12.3% (ρ<0.05), respectively.
Gd showed the least increase in themembrane potential, 100.8± 29.7%
(ρ=0.908). Previously, Arya et al. (2014) showed that the treatment of
cellswith ceriumnanoparticles (25 nM) followed by hydrogen peroxide
(50 μM) increased the Δψm up to 129% compared to the control.
Lanthanides could achieve this observation by restoring the balance be-
tween major redox reactions like NADH/NAD+, leading to the accumu-
lation of antiapoptotic proteins like myeloid cell leukemia-1 (Mcl-1)
and B-cell lymphoma-2 (Bcl-2) (Arya et al., 2014; Hussain et al., 2016)
or through sustained activation of focal adhesion kinase (FAK) (Zhang
et al., 2009). Phosphorylation of FAK signaling improves cell adhesion,
motility, and survival (Parsons, 2003; Slack et al., 2001) which in turn
ameliorates Δψm to produce ATP necessary to sustain these processes.
This data suggests that during water treatment with lanthanides, an ef-
fluent concentration close to 5000 μmol-Ln3+/L should be avoided.



Fig. 1. The effect of La, Ce, Gd, and Lu on the Δψm of HepG2 cells. Duration = 1.5 h; cells
per well = 80,000 cells/well; Ln3+ treatment volume per well = 100 μL; negative
control = untreated cells; positive control = cells treated with FCCP at 2000 μM. The X-
axis is on a 10× scale. Each data point represents the mean of at least two independent
experiments and n ≥ 4, and error bars show one standard deviation.

Fig. 2. Effect of lanthanides on (A) intracellular ATP measured with CellTiter-Glo® and
(B) cell viability measured with CellTiter-Blue®. Duration = 24.0 h; cells per well =
80,000 cells/well; Ln3+ treatment volume per well = 100 μL; negative control =
untreated cells; positive control = only medium without cells to eliminate
luminescence/fluorescence background. The X-axis is on a 10x scale. Each data point
represents a mean of at least two independent experiments (n ≥ 4), and error bars show
one standard deviation. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Above 5000 μmol-Ln3+/L, regardless of the type of lanthanide, Δψm
plummeted. The decrease could be associated with cell cytotoxicity;
however, the mechanism is not clear. The decrease might not be attrib-
uted to caspase activation or production of reactive oxygen species
(ROS) (Hussain et al., 2012) but rather tomitochondrial damage and ex-
cessive usage of ATP or phosphate precipitation by lanthanides. In addi-
tion, lanthanide regulation is assumed to be related to calcium
regulation because of the similarity in ionic radius: 92-117 pm for
lanthanides and 114 pm for calcium (Reeves and Condrescu, 2003).
Lanthanides diffuse into the mitochondria using the Ca2+ channels. At
low concentration, the calmodulin can regulate the excess lanthanides
that enter the cell. As the concentration of lanthanides/Ca2+ increase,
the sodium‑calcium channel (NCX) is activated to pump out excess lan-
thanides/Ca2+ (Reeves and Condrescu, 2003;Wu et al., 2013). The NCX,
orchestrated through the sodium‑potassium pump, is an ATP-intensive
process. The bioenergetic proton gradient (Δp) regulates ATP produc-
tion, while the Δψm portion of Δp balances the Ca2+ gradient and ROS
production (Perry et al., 2011; Szabadkai and Duchen, 2008). An exces-
sive presence of lanthanides/Ca2+ increases pH and osmolality, altering
Δp and thus ATP production. When lanthanide/Ca2+ flux surpasses the
mitochondria's buffering ability, Δp, Δψm, andmitochondrial pH gradi-
ent (ΔpHm) are ultimately lost, diminishing ATP production and accel-
erating bioenergetic stress (Duchen, 2004). Therefore, at 5000 μmol-
Ln3+/L and above, lanthanides affectΔp,Δψm, andΔpHmthatmight in-
hibit ATP production leading to cellular death.

Traditional coagulants that are used in wastewater treatment, like
aluminum sulfate, elicit a similar trend. The study of Arab-Nozari et al.
(2019) matched the levels of aluminum ions and nanoparticles in rela-
tion toΔψm. They reported an increase ofΔψm for both aluminum spe-
cies. Compared to the negative control, Δψm increased by over 23% at
200 μM of aluminum ions. However, in another study, at as low as 50
μM, aluminum triggered the mitochondria to release cytochrome C
and decreased Bcl-2, causing mitochondrial mediated apoptosis
(Kumar and Gill, 2014). The presence of iron, another prominent coag-
ulant in wastewater treatment, accelerates the loss of Δψm through
redox mechanism (Zhang et al., 2005). Therefore, lanthanides seem to
be less toxic for mitochondria than aluminum and iron.

3.2. Intracellular ATP

A luminescence assay based on luciferase is a fast and simplemethod
for determining ATP production and cell viability (Hannah et al., 2001).
4

Luciferase, an enzyme derived from Photuris pennsylvanica or firefly,
catalyzes the conversion of D-luciferin into oxyluciferin, and the result
is luminescence. The process takes place in the presence of ATP, oxygen
and magnesium ions (Tomasello et al., 2019); Fig. S3 summarizes the
mechanism. CellTiter-Glo® (CTG) provides luciferin and luciferase nec-
essary to produce luminescence; the intensity of the light that can be
measured by a luminometer reflects the level of I-ATP (Riss et al.,
2003). The main advantage of CTG is that it is less sensitive to pH and
detergents compared to luciferase purified from Photinus pyralis. Be-
sides, its luminescence has a half-life of over 5 h. CTG can detect lumi-
nescence due to ATP even as low as 15 cells within 10 min. Thus, CTG
was applied to study the I-ATP of HepG2 cells.

Both La and Lu elicited a potent effect on I-ATP; at 1000 μmol-Ln3+/L,
more than half of the ATP was lost compared to the controls after 24 h
(Fig. 2A). At 5000 μmol-Ln3+/L, lanthanides attenuated ATP to less
than 1.0% regardless of the compound, suggesting that most of the
cells were dead at that concentration. Lanthanide chlorides were used
in the study. To ensure that the loss of ATP was not due to the concen-
tration of chloride ions, parallel experimentswithNaClwere conducted.
No significant I-ATP change was registered even at the highest tested
concentration of 30,000 μmol-Cl-/L (84.2 ± 13.4%). Thus, the ATP
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reduction is attributed to lanthanide toxicity only. The half-maximum
concentration that evoked 50% decrease in I-ATP followed a trend of
La3+ (794.0 μM) > Lu3+ (1115.6 μM) > Gd3+ (1488.8 μM) ~ Ce3+

(1505.8 μM), as seen in Table 1.

3.3. Cell viability

We further investigated the observed ATP decrease using a cell via-
bility assay, CellTiter-Blue® (CTB), with HepG2 cells. The resazurin
assay depends on the metabolic state of treated cells to determine
cell viability. Respiring cells reduce CTB (resazurin dye) to a colored
form—resorufin. Some cell viability dyes either block electron flow like
NADPH (e.g. tetrazolium) or accept electrons like cytochrome; the for-
mer dyes are inherently toxic due to electron blockage (McMillian
et al., 2002). Like cytochrome oxidase, CTB dye accepts an electron for
oxidoreductase as oxygen in the last step of the respiratory chain.
Accepting an electron at the final stage of the chain makes CTB less
toxic to cell metabolism; thus, it is suitable for cell viability studies.
Resazurin reduction involves the loss of an oxygen atom and gain of a
hydrogen atom in the resazurinmolecule (Fig. S4). This process primar-
ily occurs in the cytoplasm, after which the reduced resazurin is ex-
creted back into the medium (O’Brien et al., 2000). The reduced
product, resorufin (pink in color) can bemeasured both colorimetrically
and fluorometrically.

The fluorescence levels of resorufin were measured at 560/590 nm
(excitation/emission). All four individual lanthanide compounds
showed a dose-dependent increase in cytotoxicity after 24 h of expo-
sure. The average values for cell viability of the negative (no lanthanide
treatment) and no-cell control (no HepG2 cells added) were 106.3 ±
12.5% and 1.4 ± 1.6%, respectively. To ensure that the toxicity was
from lanthanides and not chloride ions, sodium chloride was tested as
a control covering the span of chloride concentration matching to the
lanthanide concentration. Fig. 2B shows that chloride ions did not
show a significant cytotoxic effect until 15,000 μM (79.6 ± 2.5%).

La and Lu showed the highest cytotoxicity; at 250 μmol-Ln3+/L, cell
viability had decreased to less than 80%. After 24 h exposure of HepG2
cells, the EC50 values for the tested REEs were between 900 μmol-
Ln3+/L and 2900 μmol-Ln3+/L. Cytotoxicity did not correlate with
molecular weight. Heavy lanthanides (Lu) showed the highest toxicity,
EC50= 951 μmol-Ln3+/L, followed by the light lanthanides (La), EC50=
1249 μmol-Ln3+/L. Both Ce and Gd elicited the least toxicity on the
HepG2 cell-line; the EC50 toxicity values were 2831 and 2882 μmol-
Ln3+/L, respectively. We assume that Ln3+ concentration homeostasis
is maintained through Ca2+ signaling owing to the similarity in struc-
ture. The maintenance of Ln3+ in cytosol involves active pumping
against the gradient by Ca2+-ATPases and cytosolic enzymes. The
pumping of Ln3+/Ca2+ out of the cytosol against a concentration gradi-
ent or by ion exchangers (Na+/Ca2+) is a high energy task (Ghibelli
et al., 2010; Szabadkai and Duchen, 2008). Failure to supply sufficient
Table 1
Lanthanide concentration that induces EC1.5 and EC50 for I-ATP, cell viability, and chronic
toxicity.

Target Chemical EC1.5 (μM) EC50 (μM) R2Δ

Intracellular ATP La3+ 241.2 794.0 0.965
Ce3+ 457.7 1505 0.966
Gd3+ 837.7 1488 0.990
Lu3+ 39.9 1115 0.959

Cell viability La3+ 169.9 1249 1.000
Ce3+ 657.5 2831 0.978
Gd3+ 833.1 2882 0.999
Lu3+ 77.23 951.0 0.951

Chronic toxicity La3+ 2318 2415 0.984
Ce3+ 1990 2096 0.983
Gd3+ 2400 2543 0.993
Lu3+ 1883 2197 0.935

Δ Data is significant at ρ < 0.05.
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ATP due to long-term exposure inhibits the pumping of Ln3+/Ca2+

against the concentration gradient from the cytosol to the endoplasmic
reticulum or extracellular environment (Humeau et al., 2018), which
causes Ln3+/Ca2+ overload. Ln3+/Ca2+ overload can be inhibited by
the intervention ofmitochondria that takes up excess Ln3+ from the cy-
tosol; however, the presence of Ln3+ that exceeds the physiological
threshold causes cell stress and eventually cell death (Ghibelli et al.,
2010). In this study, at 5000 μmol-Ln3+/L and below (1.5 h incubation),
lanthanides proliferatedΔψm;however, a 24-h assessment of I-ATP and
cell viability followed a reverse trend. Thus, we hypothesize that the
amelioration of Δψm is short-lived—as the cell runs out of ATP to
pump out excess lanthanides, Δp and Δψm are lost, fostering cell
death (Perry et al., 2011; Szabadkai and Duchen, 2008; Tan et al.,
2017). In addition, Ln3+ has a high affinity for phosphate; the formation
of a lanthanide-phosphate bond attenuates the phosphorylation pro-
cess (Tian et al., 2015), depriving the cell of the energy needed to
pump out Ln3+.

When comparing Lu toxicity (EC50= 951 μmol-Ln3+/L) with alumi-
num towards cell viability, Lu exhibit lower toxicity. At 500 μM, alumi-
num was responsible for over 50% cell death after 24 h of treatment
(Griffioen et al., 2004). Aluminum maltolate induces oxidative stress
through structural damage to mitochondria or by inhibiting mitochon-
drial respiration (Kumar and Gill, 2014). Iron-based coagulants
(e.g., ferric chloride) showed a diverse range of cytotoxic effects from
potent tomild. At 40 μM, iron can decrease oligodendrocyte cell viability
by 50% (Zhang et al., 2005). Using HeLa and HeK 293 cell lines, the tox-
icity of iron was not pronounced; at 25,000 μM, up to 30% of cells were
lost after 24 h of treatment (Shukla et al., 2015). Keeping changes in cell
line constant, iron toxicity is driven by the ability of the compound to re-
lease iron ions which could explain the deviation. Overall, lanthanides
seem to have a mild effect on cell death.

3.4. Chronic toxicity of lanthanides

To assess the chronic (long-term) toxic effect of lanthanides, we
used the 72 h CHO cytotoxicity assay (Plewa et al., 2002). Estimating
the chronic cytotoxic effect of a xenobiotic using an in vitro assay is chal-
lenging due to the nature of the experimental design. This assay exposes
the cells to a longer period (72 h) that equals three cell divisions. There-
fore, it is able to capture not only cell cytotoxicity but also other changes
that might lead to variations of cell proliferation rate or growth inhibi-
tion without causing cell death. Chronic toxicity occurs because of re-
peated or continuous exposure to a contaminant. When cells are
exposed to a chemical for a prolonged period, necrosis can occur; other-
wise, cells will adjust to the new environment and reproduce/grow.
Dead cells cleave from the surface, leaving the live cells to attach. This
property can be used to detect cell increase and/or decrease, and if
cells are exposed to contaminants for a prolonged period, chronic toxic-
ity can also be estimated. Dyes like tetrazolium and crystal violet (CV)
are known to stain live cells. CV binds and stains negatively charged
molecules (e.g. protein and DNA) and the extracellular matrix of poly-
saccharides (Xu et al., 2016). Therefore, when CV is added to a cell cul-
ture, viable cells are stained, and the strength of retained CV reflects the
number of viable cells. This assay provides a faster analysis of chemo-
therapeutic compounds that can inhibit cell growth. Cell chronic toxic-
ity has been studied previously with CHO cells (Attene-Ramos et al.,
2006; Wang et al., 2011), and this assay has been effectively used to
study disinfection byproducts—a major concern in water treatment
(Plewa et al., 2004).

Lanthanide exposure did not show strong cytotoxic effects. After
three cell cycles (72 h), the cell viability of CHO cells was unaffected
up to 2000 μmol-Ln3+/L, after which the cell viability plummeted re-
gardless of the lanthanide ion; chloride concentration did not affect lan-
thanide toxicity (Fig. 3). The EC50 values for the compounds were in the
same range, extending from2096 μM(Ce) to 2543 μM(Gd), Table 1. The
chronic potency of lanthanides follows a gradient of Ce ~ Lu > La ~ Gd



Fig. 3. Chronic toxicity of lanthanideswith CHO cells. Exposure duration=72h (three cell
cycle); cells per well = 3000 cells/well; volume per well = 100 μL; negative control =
untreated cells; positive control = only medium without cells to eliminate background
fluorescence. X-axis is on 10× scale. Each data point represents a mean of at least two
independent experiments (n ≥ 4), and error bars show one standard deviation.

Fig. 4. UmuC assay results. Effect of (A) La + Ce and (B) La + Ce + Gd + Lu mixture on
genotoxicity (given as induction ratio, IR) and the growth factor of S. typhimurium
TA1535/pSK1002 (with and without S9 metabolic activation). Concentrations represent
total group concentration, not individual concentrations. The error bars display the
standard deviation of 3 replicates. None of the tested mixtures of lanthanides were
genotoxic at the tested concentrations.
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(Fig. 3). However, based on statistical significance at ρ = 0.05, lantha-
nides elicited similar chronic toxicity. Given a non-acute toxicity expo-
sure (less than 2000 μmol-Ln3+/L), cells are expected to recuperate
from lanthanide contamination. Otherwise, therewill be a total collapse
of Δψm and/or Δp, triggering cell death as discussed in Section 3.3.

3.5. Genotoxicity of lanthanides

The genotoxicity of lanthanides was assessed using the umuC assay.
The umuC assay was first developed in 1985 (Oda et al., 1985), and it is
widely used for indirect detection of genotoxicity through DNA damage
that triggers the cellular SOS response (Boutry et al., 2013). The
assay uses a genetically modified Salmonella typhimurium bacteria
TA1535/pSK1002 to produce β-galactosidase, which causes a yellow
color when the chromogenic substrate is broken down. The extent
of β-galactosidase produced and conversion of o-nitrophenyl-β-D-
galactopyranoside to o-nitrophenyl is measured by absorbance
(Fig. S5). To evaluate if lanthanides require metabolic activation to be-
come genotoxic, the tests were completed with and without S9 rat
liver extract. Most of the available commercial brands of lanthanide co-
agulants are presented as a mixture with the lighter subclass contribut-
ing the largest percentage. Thus, genotoxicity studies were based on
light lanthanide subclass (La + Ce) and lanthanides as a whole family
(La + Ce + Gd + Lu).

Genotoxicity response in the umuC assay was defined as the induc-
tion ratio (IR), which is the ratio of the β-galactosidase activity to
growth factor that is inducing an IR of 1.5 (ECIR1.5). The growth factor
is the response of bacteria treated with lanthanides compared to the
negative control (untreated bacteria). Based on themanufacturer's pro-
tocol (UMU-ChromoTest ™), a compound that induces ECIR1.5 < 1.5 is
nongenotoxic while ECIR1.5 ≥ 1.5 is genotoxic. The ECIR1.5 in the umuC
assay were expressed as 4-nitroquinoline-oxide (4NQO) equivalent
concentrations for the assay without metabolic activation (\\S9) and
2-aminoanthracene (2-AA) equivalent concentrations for the assay
with metabolic activation (+S9). Lanthanide mixtures did not induce
SOS response as shown in Fig. 4. In addition, lanthanides did not show
genotoxicity with metabolic activation (+S9) as the induction ratios
were comparable to that of\\S9. Therefore, biotransformation of lan-
thanides, if any, does not affect lanthanide toxicity. Our study agrees
with previously published in vitro studies where lanthanum showed
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no sign of genotoxicity (Damment et al., 2005; Yang et al., 2016). Be-
tween 0.2 and 1.2 μg/mL, ferric chloride enhanced mutant frequency
lymphoma cells with +S9; however, without S9, there was barely any
toxicity (Dunkel et al., 1999). Therefore, lanthanides are potentially a
better alternative inwater treatment since their toxicity is not increased
by biotransformation. To the best of our knowledge, this is the first time
that the genotoxicity of soluble lutetium is reported.

3.6. Additivity, antagonistic and synergistic (AAS) effect of lanthanides

Contaminants in thewater system can exist as a single compound or
as a group. Studying a mixture response offers a quick approach to de-
termine the combined effect of chemicals, which is often not assessed
in laboratory trials, or response additivity is wrongly assumed for
chemicals of a similar nature. We studied the AAS of lanthanides at dif-
ferent combinations to establish the CI using the CT model for chronic
toxicity, I-ATP, and cell viability. Upon fitting individual dose-response
curves, the median-effect equation (Eq. 3) was applied to generate the
fraction of affected cells and I-ATP.

f a ¼ 1= 1þ Dm=Dð Þm�� ð3Þ

Here, fa represents the fraction of affected cells/I-ATP, Dm is the
median-effect dose, D is the dose, and m is the slope. The resulting pa-
rameters were used to calculate CI. At CI < 0.9, 0.9 ≤ CI ≤ 1.10, and CI
> 1.1, the nature of AAS are synergistic, additive, and antagonistic, re-
spectively (Chou, 2010; Rider and Simmons, 2018). Table 2 summarizes
the different CI values and fa for various lanthanide combinations that
were investigated (Fig. S6). At 1000 μmol-Ln3+/L and below, all the
combinations showed an antagonistic behavior towards I-ATP deple-
tion. I-ATP was reduced more by the light lanthanide combination
(La + Ce) compared to La + Ce + Gd + Lu mixture. A similar trend
was observed for cell viability using CTB. The addition of heavy sub-
classes into the light subclass increased the chronic toxicity of the lan-
thanides family. At an individual level, Lu (heavy) was more potent at
inducing chronic toxicity compared to other lanthanides. Thus, the tox-
icity of lanthanides is driven by heavy lanthanides. However, the overall
toxicity of the mixtures was less pronounced compared to individual
compounds at the same concentration. For example, at 4000 μmol-
Ln3+/L, individual lanthanides reduced the percentage of viable cells
to less than 50%, while the combination of four compounds affected, at



Table 2
Assessment of CI values at different lanthanide doses (μM) and combinations.

Light (La + Ce) La + Ce + Gd + Lu
Total dose 
(μmol-Ln3+/L) Ϯ

CI Value Total dose 
(μmol-Ln3+/L) Ϯ

CI Value

I-ATP 100 0.025 4.516 100 0.001 416.1

500 0.025 22.58 500 0.03 18.77

1000 0.161 2.742 1000 0.045 21.15

2500 0.782 0.121 2500 0.752 0.188

4000 0.789 0.183 4000 0.922 0.048

Viability 100 0.029 17.65 100 0.023 28.13

500 0.001 12890 500 0.001 13919

1000 0.034 138.7 1000 0.035 150.1

2500 0.376 5.444 2500 0.407 5.264

4000 0.383 8.340 4000 0.383 9.742

Chronic 100 0.001 870.8 100 0.001 20155

500 0.001 4354 500 0.011 72.67

1000 0.001 8708 1000 0.084 1.874

2000 0.003 13.45 2000 0.277 0.381

2500 0.072 3.029 2500 0.527 0.092

fa: Fraction affected; CI: Combination index;Highlighted rows indicate the change from antagonism to synergism
for the respective mixture and assay. ϮFor a given combination dose, the molar ratio was 1:1.
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most 40% cells (fa = 38.3%). Given their physical and chemical similar-
ities, we hypothesize that lanthanides compete for the same sites,
which reduces their toxicity potency—hence showing antagonistic be-
havior. Therefore, a mixture of REEs in water treatment would be pref-
erential as the overall biological effect is less than additive.

Tan et al. (2017) observed the AAS behavior of lanthanides during
algae growth; the presence of different REE compounds decreased
their combined toxicity. While assessing the effect of lanthanide mix-
tures on seven aquatic biotas, Romero-Freire et al. (2019) observed
both synergistic and antagonistic behavior of lanthanides. The antago-
nistic and synergistic observations can be related to a combination of
stress factors (Liess et al., 2016), and/or phosphate precipitation due
to high lanthanide affinity. La, Gd, and yttrium showed neither synergis-
tic nor antagonistic characteristics in Cyprinus carpio (Qiang et al., 1994;
Tai et al., 2010).

4. Conclusion

This study assessed the changes of Δψm, I-ATP, cell viability, chronic
cytotoxicity and genotoxicity of lanthanides using HepG2, CHO cell
lines, and umuC assay. The toxicity of lanthanides was assessed using
Δψm indicator solution, Celltiter-Blue®, Celltiter-Glo®, crystal violet,
and umuC assay. At 5000 μmol-Ln3+/L and above, Δψm is completely
lost, possibly due to an excessive lanthanide influx that surpasses the
mitochondria's ability to shield/pump them out. At low concentrations,
the NCX can effectively pump out excess lanthanides; however, this in-
creases Δψm because NCX is an energy-intensive mechanism. When I-
ATP was measured as a function of lanthanide concentration, there
was a steady decrease in I-ATP between 100 and 4000 μmol-Ln3+/L.
Cell viability and chronic toxicity were strongly influenced by heavy
REE. In addition, the presence of Lu in the matrix increased necrosis
and chronic toxicity. Regardless of the tested assay, at less than
1000 μmol-Ln3+/L, lanthanides exhibited an antagonistic behavior.
Thus, in wastewater treatment by coagulation or adsorption processes,
using lanthanides as a mixture could weaken their environmental im-
pact. When compared to traditional coagulants like iron and aluminum,
lanthanides caused lower effects onΔψm, cell viability and genotoxicity.
The lower toxicity of lanthanides could make them a good candidate in
wastewater treatment. Cell viability, I-ATP, and chronic toxicity assays
were sensitive to lanthanide concentration with I-ATP assay being the
most sensitive. Thus, in pursuit of bioanalyticalmonitoring tools for lan-
thanides in wastewater effluent or surface waters, the I-ATP assay
should be considered and explored as an option.
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