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ABSTRACT 

 

TOXICITY STUDY OF CaCe2S4 

            Wafa Tonny, Master of Science 

The University of Texas at Arlington, 2017 

Supervising Professor: Robin Macaluso 

 

 In recent years, rare earth sulfides have received attention for their interesting 

thermoelectric and optical properties.1 They exhibit a fairly wide range of colors, which makes 

them promising candidates as pigments.2 The demand for red colored pigments in industrial 

application is high but the current ones in use are not environmentally friendly. This has garnered 

attention towards the rare-earth sulfides. Among the rare-earth sulfide compounds, Ce2S3 is a high-

performance pigment of red color. It is particularly interesting as doping with alkaline earth metal 

stabilizes the structure of Ce2S3 at low temperature and plays a role in tuning its color from red to 

orange. This thesis presents the cytotoxicity study of an alkaline earth doped rare earth sulfide of 

red color, CaCe2S4. Cytotoxicity of CaCe2S4 and CdS was evaluated on human dermal fibroblasts 

cells (HDFα) with Lactase dehydrogenase (LDH) assay. The study showed higher toxicity of 

CaCe2S4 compound at 1000 µg/mL-50 µg/mL. At concentrations of 1 ng/mL-200 ng/mL CaCe2S4 

showed considerably low toxicity compared to commercially successful red pigment CdS, which 

makes it a reliable environment friendly pigment. 
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CHAPTER I 

INTRODUCTION 

Inorganic pigments have been in use for some time in a multitude of industries such as 

ceramics, paints, and plastics. One major drawback to commercially or artistically important 

pigments is the presence of toxic metal ions, such as cadmium selenide in Cadmium Red, Cd(S, 

Se), and lead chromate in Chrome Orange, Pb2CrO5.
3 

Rare earth-based inorganic compounds, particularly rare-earth sesquisulfides, are a 

possible source of alternative pigments that have been explored, extensively because of their color 

and stability. Rare earth metals are capable of giving efficient absorption through charge transfer 

bands and some rare earth-doped inorganic compounds are actually used in the field of colored 

pigments such as KCeS2
4 or Zr1-xPrxSiO4, both yellow pigments for the ceramic industry. A lot of 

attention is paid to Ce2S3 as a red pigment, but most of the rare earth sulfides can be candidates for 

obtaining a wide gamut of colors, e.g. La2S3 being yellow or Pr2S3 being green.5 

It is well known that light rare earth sesquisulfides exist in several polymorphs which are 

commonly referred to as are α, β and γ. The α-phase has an orthorhombic structure and is a low 

temperature phase of RE2S3 (RE = rare earth element). The β phase has a tetragonal structure, with 

a limiting composition of RE10S14O1–xSx (0≤ x≤1). The γ phase has a cubic defect Th3P4 type 

structure and is a high temperature phase of RE2S3. The lesser known δ phase has a monoclinic 

structure; the ε-phase has a rhombohedral structure6 and exists for heavier rare earth lanthanides. 

The γ-phase of Ce2S3 is a non-toxic inorganic high performance pigment of dark red color 

and is used on an industrial scale in the coloration of plastics, paints, and coatings. γ-Ce2S3 is 

particularly interesting since alkali doping makes it possible to tune its color from maroon to 
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orange7 and making it a very promising candidate to replace cadmium and organic red pigments 

because of its non-toxicity and bright color.8 A slight distortion in the structure of γ-Ce2S3 from 

the confirmed γ-phase RE2S3 Th3P4 type structure makes it a potential compound for alkali- and 

alkaline earth doping.9 Due to long exposure to moisture and high temperature treatment during 

the injection molding of pigments, rare-earth sulfides produce H2S, which is a considerable 

challenge for the practical application of rare earth sulfides.3 Doping of alkali or alkaline earth can 

stabilize the γ-phase Ce2S3 at low temperature2 and reduce the release of H2S.  

Most inorganic pigments containing heavy metals or transition metals that can adversely 

affect the environment and human health if critical levels are exceeded. Cadmium-based pigments 

such as CdS or Cd(Se,S) in particular are of concern; although the pigments are not toxic due to 

their very low solubility in water, cadmium itself is toxic and can enter the environment in a 

bioavailable form through waste-disposal sites and incineration plants.10 Rare earth sulfides may 

be a safer choice4 but any relevant research or data claiming this possibility are near to non-

existent. In vitro or cell-based assays are often used for screening collections of compounds to 

determine if they have effects on cell proliferation or show direct cytotoxic effects that eventually 

lead to cell death. Regardless of the type of cell-based assay being used, it is important to know 

how many viable cells are remaining at the end of the experiment. There are a variety of assay 

methods that can be used to estimate the number of viable healthy cells.11 Cadmium toxicity is 

associated with several clinical complications depending on the dose, the route, and mainly 

duration of exposure12 and recent publications explained well the extent of the toxicity. 

Here we report, the very first time the cytotoxicity of CaCe2S4 and CdS. The cytotoxicity 

reports of CdS served as a guideline for the experimentation methods. Lactate dehydrogenase or 

LDH assay, a well-established cell-based assay was used for this study and at very low 
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concentrations a comparison with CdS are presented. The biocompatibility of pigments can be 

useful if the in vitro study can be done on healthy human skin cells. The toxicity of CdS 

nanocrystals are known in case of renal cells and the application of CdS as pigments are limited 

due to cadmium toxicity but lacking in the study of toxicity in case of healthy skin cells was also 

a motivation for this thesis.13 
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CHAPTER II 

LITERATURE REVIEW 

 

Rare earth elements can be used across different traditional industries such as metallurgy, 

machinery, chemicals, textile and agriculture. New rare earth products have emerged, and lead to 

the formation of a group of new industries.14 One of the most promising examples of the 

development of rare earth compounds as specialties deals with the development of cerium sulfide 

as an alternative pigment to cadmium reds for the coloration of plastics and paints. As a matter of 

fact, the limitations on the use of heavy metal-containing pigments like cadmium sulfoselenides 

or lead molybdates induces some need for new yellow, orange, and red inorganic pigments, where 

very few alternatives exist. These compounds have excellent performance characteristics, but their 

toxicity is of environmental concern. Thus, driven by changes in legislation and government 

regulations, there is a strong incentive to develop new classes of inorganic pigments that are non-

toxic and environmentally more compatible while preserving the optical, thermal, and chemical 

characteristics of present high-performance pigments.7 The use of high-performance organics is 

one way to get the strong red color, but these pigments present some limitations, such as thermal 

and UV instability. When looking for color in rare earth compounds, RE2S3 (RE= Rare-Earth 

elements such as La, Ce, Pr, Nd, Sm,Eu, Gd, Dy etc.) sulfides appeared to be good candidates5.  

  Rare earth sulfides are stable up to 350 °C in air and it shows a potential for pigments in 

paint and plastic industries. So far, cerium sulfide has gathered more attention but most of the rare-

earth sulfides give a nice wide variation of colors presented in Table 1. 
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Table 1: Color of some rare earth sesquisulfides in their γ form5 

La2S3 Yellow 

Pr2S3 Green 

Nd2S3 Light green 

Gd2S3 Purple 

Tb2S3 Light yellow 

Dy2S3 Orange 

 

 

Cerium sulfides and other similar sulfides were originally investigated in the 1940s in 

search for the development of new refractory materials as crucibles for the casting of plutonium 

and uranium. Although there are several sulfides in the phase diagram for the cerium–sulfur 

system, cerium(III) sulfide (Ce2S3) especially is considered to be useful as refractory materials, 

because they have high melting points and are thermodynamically stable at elevated temperatures.8 

RE2S3 exists in three polymorphic forms that are α, β and γ phase. α which is stable at low 

temperature, is irreversibly transformed to β-phase of various compositions in the solid-solution 

range between R2S3 and R3S4 at high temperature. The β-phase is an oxysulfide having a limiting 

composition of R10S14O. Moreover, the β-phase is transformed to γ-phase, which has a Th3P4 

structure, at higher temperature.15 More detail information is given in Table 2: 
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Table 2: The polymorphs of the rare-earth sulfides15 with crystal structures and transition 

temperatures 

Phases Crystal Structures Transition temperature 

α- RE2S3 

Orthorhombic 

Gd2S3-type 

Pnam 

Stable up to 900ºC 

β- RE2S3 

RE10S15–xOx (0≤x≤1) 

Tetragonal 

Pr10S14O-type47 

I41/acd 

~900ºC 

γ- RE2S3 

RE3–xRxS4 (0≤x≤1/3) 

(R= RE vacancies) 

Cubic 

Th3P4-type 

I-43d 

~1300ºC 

 

γ-phase which is semiconductor, is considered to be useful as a thermoelectric conversion 

materials, also because of the vivid color can be frequently used as pigment for plastics and 

paints.15 The doped  -and undoped  γ-phase Ce2S3, and β- phase Ce2S3 have been used as a heavy 

metal free nontoxic red pigment in plastic industry. The color of undoped and alkali doped γ-Ce2S3 

is due to electronic transitions from the Ce 4f level into the Ce 5d conduction band. The addition 

of alkali can stabilize the γ-phase Ce2S3 at low temperature and modify the color of the γ-phase 
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Ce2S3. Some heavy rare earth ions such as Dy3+, Ho3+, and Er3+ doped cerium sulfides have also 

been studied. It was found that the addition of these ions presents a stabilizing effect on the 

formation of the γ-phase Ce2S3.
2 

As an example, calcium doped Ce2S3 crystallized as Ca0.89Ce2.07S4 with cubic symmetry in 

the I-43d space group and was isostructural with Th3P4 structure. The metal atom was surrounded 

by eight sulfur atoms forming a special type of dodecahedron named snub disphenoid. The snub 

disphenoid is a convex polyhedron with twelve equilateral triangles as its faces. It is not a regular 

dodecahedron because some vertices have four faces and others have five. Each dodecahedron 

shared with its neighbors either one triangular face or one edge. Between two neighboring 

dodecahedra sharing one edge18, it was interesting to notice the much distorted empty tetrahedral 

cavities, S4, the center of which lies at the Wyckoff position 12c.19  

 

 

 

 

 

 

 

 

Figure 1: The unit cell of CaCe2S4 viewed down the z axis(left). Ca/Ce= yellow and S=blue sphere. 

The Ca/Ce atom is surrounded by eight S atoms forming a dodecahedron(right) 

A distorted empty tetrahedral cavity 

 

b 

a 
c 
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This was, with the center of the dodecahedra not fully occupied by a rare-earth atom, the 

second remarkable site of the structure. With the calcium-doped compound, it was confirmed that 

an insertion alkaline earth metal ions on empty dodecahedral sites occurs together with a 

substitution of cerium ions by alkali alkaline earth metal ions.18
 

Table 3: Important interatomic distances in the structure of CaCe2S4
18 

 

 

Optical studies suggest that the dark red color of γ-Ce2S3 arises from dipole-allowed 

excitations of electrons from 4f-states into the empty 5d-states (4f15d0 → 4f05d1) of the same 

cerium cation. The three modifications of Ce2S3 have an insulating nature, as is indicated from 

their color.17 In contrast to compound semiconductors such as CdS and CdSe, where the color is 

controlled by interband transitions, the transitions from the anionic valence band into the cationic 

conduction band in Ce2S3 occur in the ultraviolet and the color of cerium-based pigments is 

explained in terms of atomic like f→d transitions. In other words, the color is largely an intrinsic 

property of cerium.7 

Inorganic pigments have been utilized by mankind since ancient times, and are still widely 

used to color materials exposed to elevated temperatures during processing or application. Indeed, 

in the case of glasses, glazes and ceramics, there is no alternative to inorganic pigments for 

coloring. However, most inorganic pigments contain heavy metals that can adversely affect the 

human health if critical levels are reached. Although cadmium-based pigments are not harmful 

Interatomic distances in Ce2S3 and CaCe2S4 

Distances Ce2S3 CaCe2S4 

Ca/Ce-S 

4 × 2.886(2) Å 4 × 2.9848(4) Å 

4 × 3.078(2) Å 4 × 2.9786(4) Å 
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due to their very low solubility in water or dilute mineral acids, cadmium metal itself is toxic and 

can enter the ecosystem through waste-disposal sites. Based on the precautionary principle the use 

of cadmium pigments has been restricted and heavily regulated. Recent studies have concluded 

that the risk to humans or the environment might be not as impactful as originally feared, still a 

strong demand for inherently safer substitutes remains.10 

Cadmium exposure has been established to induce carcinogenic effect in laboratory 

animals, but data on human studies are lacking, so it is difficult to conclude the toxicity effect on 

human cells. Data on Cd for development of quantum-dots showed great promise for the diagnosis 

of cancer and targeted drug delivery. However, after intravenous administration of quantum-dots, 

Cd content has been observed in the liver and the kidneys even after 30 days, suggesting that these 

particles can pass through the kidneys, so studies have been made on renal cell line with MTT [3-

(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide and WST [2-(4-iodophenyl)-3-(4-

nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt]assays.12 No information on 

cytotoxicity of rare earth sulfide compounds is available, which makes it a promising field to study. 
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CHAPTER III 

EXPERIMENTAL METHODS 

 

Synthesis of CaCe2S4 

 CaS (≥ 99.9% trace metal basis, Sigma-Aldrich) and Ce2S3 (99.9% metals basis, Alfa 

Aesar) were combined in 1:1 molar ratio and were ground thoroughly with a mortar and pestle 

inside a nitrogen-filled glove box. Then the powder mixture was placed into a Ta foil (99.9%, 

Sigma-Aldrich) pouch and sealed under vacuum in a quartz tube. The ampoule was then heated to 

1100ºC for 100 h at 7ºC/h and cooled at 20ºC/h to the room temperature. The resulting red-orange 

colored powder was not air sensitive. 

 

 

Characterization Techniques  

Sample purities were monitored by X-ray diffraction (XRD) using a PANalytical Empyrean 

series 2 Diffractometer (45 kV, 40 mA, Cu-Kα radiation, λ= 1.54056 Å) with reflection-

transmission-spinner stage (the incident beam module was Bragg-Brentano). To confirm phase 

purity of the synthesized powder the diffraction pattern was recorded in a 2θ range of 20–90◦ (step 

size of 0.008°). The diffraction pattern is shown on next page in Figure 2. 
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Figure 2: The powder diffraction pattern of CaCe2S4 matched with a reference pattern. The 

experimental pattern shown in black, the reference pattern shown in blue colored sticks and the 

additional peaks in the experimental diffraction pattern marked by asterisks (*). 

 

 The reference pattern has been taken from Powder Diffraction File (PDF 4+ 2016) 

database, PDF card no. 01-077-7217. Experimental powder pattern is mostly in good agreement 

to the reference pattern. There are some additional peaks pattern marked by asterisks (*) indicating 

presence of small amount of impurities but the main phase of the synthesized powder is CaCe2S4. 

The additional peaks can be attributed to the formation of oxysulfides e.g. Ce2O2S
8 or Ce10S15−x 

Ox with (0≤x≤1)17. 

 

 

CaCe
2
S

4
 experimental 

CaCe
2
S

4
 reference 

Position (°2θ) 

Counts 
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Cytotoxicity Study 

 The focus of the study was to evaluate the cytotoxicity of CaCe2S4 because this compound 

is being considered as a potential pigment to be used in paint and ceramic industry. The toxicity 

studies were also performed using CdS, a well-known cadmium-based pigment which is now 

under strict regulation due to cadmium toxicity.10 

  The toxicity tests were done on Human Dermal Fibroblasts (HDFα) primary cells provided 

by American Type Culture Collection, Virginia. 

 

Procedures for cell culture: 

Thawing and culturing of HDFα cells: 

HDFα cells were grown in T75 (growth area 75 cm2, working volume 20 mL) flask under 

normal cell culture conditions. Cells were thawed and grown in a humidified cell culture incubator 

at 37°C with 5% CO2 using Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 

10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (containing 10,000 units/mL 

penicillin and 10,000 µg/mL streptomycin), followed by subculture upon 85% confluency. In cell 

culture confluency is commonly used to describe the density of adherent cells and it is used as a 

measure of their proliferation. It is usually combined with an estimated (or counted) percentage, 

so 10% confluency means that 10% of the surface the dish or flask used is covered with cells, 

100% means that it is entirely covered.  

Passaging of cells: 

Passaging, also referred to as subculturing, is the removal of the medium and transfer of 

cells from a previous culture into fresh growth medium, a procedure that enables the further 
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propagation of the cell line or cell strain. A routine procedure for passaging would be, cells are 

washed with 1X Phosphate-buffered Saline, PBS (pH 7.4), followed by detachment using trypsin/ 

EDTA (Ethylene-di-amine-tetra-acetic acid) solution. The trypsin/EDTA solution was neutralized 

with DMEM (Dulbecco’s Modified Eagle’s Medium) supplemented with FBS (Fetal Bovine 

Serum), cell suspension collected and centrifuged at 1000 rpm for 5min at 250g to pellet the cells 

from cell membrane. Cell density was determined using a hemocytometer. 

In vitro cytotoxicity assay: 

To study the dose dependence on cytotoxicity of CaCe2S4, cells were first seeded onto 96- 

well plate (10,000 cells/well) overnight in DMEM. The following day, media in the wells were 

replaced with various concentrations of CaCe2S4 ranging from 1ng/mL to 1 μg/mL. Also at low 

concentrations of 200 ng/mL, 50 ng/mL and 1 ng/mL CaCe2S4 was compared with CdS, Cells 

exposed to triton-1X (cell lysing agent) were used as positive control. Cells were then incubated 

in these solutions for 24 hours. Cytotoxicity was analyzed by Lactate dehydrogenase (LDH, Takara 

Pharmaceuticals Ltd.) cytotoxicity assay following the manufacturers’ protocol.  

LDH assay: 

The LDH Cytotoxicity Detection Kit uses lactate dehydrogenase, LDH a stable 

cytoplasmic enzyme that is present in large amounts in most cells. LDH is released into the cell 

culture supernatant during cytoplasmic membrane damage and can be easily measured using 

standard reagents. The Detection Kit provides a colorimetric measure of cell cytotoxicity based on 

the measurement of LDH activity in the cell culture supernatant. The cell culture supernatant is 

collected and incubated with the kit's reaction mixture. 
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Components of LDH assay were Catalyst (diaphorase/NAD+, lyophilized) and Dye 

solution containing iodotetrazolium chloride (INT) and sodium lactate. For long-term storage, 

assay kit is usually stored at -20°C, protected from light. Lyophilized Catalyst can be stored for 

one year at -20°C, or for several weeks at 4°C, dissolved Catalyst can be stored for several weeks 

at 4°C and thawed Dye solution can be stored for several weeks at 4°C. 

 

LDH Assay protocol:  

Cells (5-100 x 103/well) were cultured in a 96-well microtiter plate in a final volume of 200 

μL/well in the absence or presence of various factors to be tested and were incubated for 20-48 

hours. After incubation cells are removed from the culture medium by centrifugation at 250g prior 

to assay. Prepared culture supernatant can be stored at 4ºC for a few days without loss of LDH 

activity. The reaction mixture must be prepared immediately before use because the reaction 

mixture can’t be stored. Prior to use 250 μL of Catalyst were mixed with 11.25 mL of Dye solution 

and that served as the reaction mixture. 

Fifty μL of cell-free culture supernatant were transferred to clear, flat bottom microtiter plate 

and 50 μL of reaction mixture were added and incubated for 10-30 minutes at room temperature 

protected from light. Then absorbance was measured at about 490 nm. The reference wave length 

was >600 nm. 

Principle of LDH Assay: 

 When the cell membranes are compromised or damaged LDH is released into the 

surrounding extracellular space. Since this only happens when cell membrane integrity is 

compromised, the presence of this enzyme in the culture medium can be used as a cell death 

marker. The relative amounts of live and dead cells within the medium can then be quantitated by 
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measuring the amount of released LDH using the colorimetric assay. When using an LDH 

colorimetric assay, the amount of LDH released in the surrounding environment is measured with 

an enzymatic reaction which converts iodonitrotetrazolium or INT (a tetrazolium salt) into a red 

color formazan. When LDH is present in the cell culture, it reduces NAD+ to NADH and 

H+ through the oxidation of lactate to pyruvate. Afterward, the catalyst (diaphorase) then transfers 

H/H+ from NADH + H+ to the tetrazolium salt INT to form the red colored formazan salt. The 

intensity of color produced is measured at 490nm by standard spectroscopy and is proportional to 

the number of damaged cells in the culture. Due to the inherent linearity of the assay, it can be 

easily used to accurately determine the percentage of damaged or injured cells in a sample.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: A pictorial representation of principle of LDH assay 

 

+H
+
 

Absorption ~500nm 
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Calculation of cytotoxicity: 

 

 

 

 

Average experimental value: the average absorbance value of cells in a column of 5 wells  

                                               for each concentration 

Background control: absorbance value of LDH activity in the assay medium 

Low control: absorbance value of spontaneous LDH release from untreated normal cells 

Positive/High control: absorbance value of LDH released by Triton 1X treated cells 

 To calculate the toxicity either low control or background control is considered. For this 

experiment background control was measured. 

 

 

 

 

 

 

 

 

 

 

 

(average exp. value)
abs

 – (background/low control value)
abs

 

Cytotoxicity (%) =  

(positive/high control value)
abs

 – (background/low control value)
abs

 

× 100 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

Powder X-Ray Diffraction 

The refined powder X-ray diffraction data showed about 98% phase purity. The 

unidentified peaks can be of some known byproduct such as cerium oxysulfides e.g. Ce2O2S
8 or 

Ce10S15−x Ox with (0≤x≤1)17 , a common compound formed in the sulfurization reaction of C2S3
8. 

 

 

 

Toxicity Study 

 The column of well treated with Triton-1X (cell lysing agent) served as the positive control 

for LDH assay as LDH assay indicates the percentage cell death. Triton-1X is one of the most 

widely used nonionic surfactants for lysing cells to extract protein and other cellular organelles or 

to permeabilize the living cell membrane for transfection. However, if large amounts are added or 

the cells are subject to prolonged exposure to Triton 1X, the cells die. 
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Figure 4: Ninety-six-well microtiter/well plate with seeded cells and media. Usually to avoid 

contamination and due to faster evaporation of assay, the rows of wells across the border of the 

well plate were not considered. Cells of first column served as the positive control and the rest of 

the columns were treated with serially diluted solution of CaCe2S4 and CdS. 

  

LDH assay presented the % cell death in presence of samples or upon other treatment. The 

positive control showed 100% death as expected, as the cells in this row were exposed to triton 1X 

for 24 hours. So, there was no cell proliferation and the rest of the data sets can be compared to 

this percentage, that’s why it was the positive control. 

 

Positive Control 

Triton treated cells 
Rows/cells treated with 

CaCe2S4 

Rows/cells treated with 

CdS 
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* Colors used only for presentation; they do not represent actual color change. 

Figure 5: Ninety-six-well microtiter plate after LDH assay treatment. First column with positive 

control white color i.e. no color because of nearly 100% cell death. For CaCe2S4 treated column 

of wells, upon serial dilution the color faded with higher concentration, similar trend was observed 

for CdS. In three wells, only LDH assay reaction mixture were added for background correction. 

 

At low concentrations of 200 ng/mL to 1 ng/mL range, CaCe2S4 was compared with CdS. 

The concentrations that these two were compared were 1ng/ml, 50ng/ml and 200 ng/ml. The 

concentrations with the % cell death results are given on next page in Table 4. 
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Table 4: LDH Assay Results with CaCe2S4 and CdS at low concentrations 

Treated cells in LDH assay % Cell Death 

Standard Deviation 

Positive Control, 

Triton treated 

100 

Concentration, ng/mL  

CaCe2S4 

1 11.5145 
4.255759 

5 11.0524 
4.325109 

10 12.6191 
2.628072 

50 13.0166 1.699 

100 13.7731 4.28066 

200 14.4047 5.10988 

CdS 

1 14.8903 
5.876748 

50 17.9205 
6.444254 

200 21.1395 
5.174048 

 

  

On this trial the concentration of CaCe2S4 was as low as 1ng/ mL and the cell viability was 

much higher compared to CdS of same concentration. For 5 ng/mL, 10 ng/mL and 50 ng/mL 

concentrations of CaCe2S4 compound, despite not following a trend the cell damage/death was as 
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low as 11-14%. Compared to CdS treated cells for the same concentrations, at 50 ng/mL and 200 

ng/mL the percentage was much lower for CaCe2S4. 

 

 

Figure 6: LDH assay data chart presented with error bars. The % cell death of cells treated with 

serially diluted CaCe2S4 (ng/mL) showed in blue column and CdS (ng/mL) showed in orange 

column respectively. 

The % cell death of cells treated with CdS followed a trend of lower-concentration, higher-

viability. CdS in micro and nano gram level gave high cell mortality in renal cell lines in MTS 

assay but for other cell lines it had not been reported yet.12 For CaCe2S4 treated cells there was not 

a specific trend but it showed % cell mortality in the range of 11.5-14.5 % for all concentrations. 

The very low % of cell viability could be attributed to cadmium toxicity.20 
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On the next trial, the concentration range for CaCe2S4 was much higher i.e.1000 μg/mL to 

50 μg/mL. At high concentration, such as 1000μl/mL the LDH assay showed about 75% cell deaths 

and at 50μl/ml the cell death went down to 34%.  

 

Table 5: LDH results with CaCe2S4 at high concentrations 

CaCe2S4, µg/mL % Cell Death Standard Deviation 

50 34.4063 6.541513179 

100 35.15957 8.331856138 

200 50.9666 10.78148494 

500 60.4975 12.08026242 

1000 74.6109 13.58902142 

 

 

Figure 7: LDH assay data chart presented with CaCe2S4 at high concentrations 
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During the cell treatment, the distribution of the sample on media was noticeably low and 

even with frequent resuspension, the sample settled down immediately. The solubility of sulfide 

compounds was always very low which makes them almost insoluble. Also, the rare earth in the 

sample makes it heavy, it settled down quickly. So, the uneven distribution of the sample across 

the cell wall might contribute to this high percentage of cell death. With serial dilution as the 

concentration decreased, the percentage cell death declined too. 
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CHAPTER V 

CONCLUSIONS 

 The demand for commercially available and environment friendly red pigment in paint, 

ceramic and plastic industry is rising every day and as an alternative to other toxic heavy metal 

based pigments, alkaline earth doped rare earth sulfides has a potential for this particular 

application for their interesting properties. 

Here the possibility of using the red colored member of alkaline earth doped rare earth 

sulfides family, CaCe2S4 as a pigment has been evaluated by studying its toxicity in a common 

cell-based assay. The synthesis route that has been followed is a standard solid-state synthesis 

reaction and the information on crystal structure has also been reported. The emphasis of the study 

was on the cytotoxicity test done on Human Dermal Fibroblasts cell line and evaluated by Lactate 

dehydrogenase assay. At high concentrations of 1000 µg/mL, the low solubility of CaCe2S4 led to 

low distribution of sample in the cell culture media. As the compound settled, it showed higher 

cell mortality in higher concentration. At low concentration of 200-1 ng/mL range, it was easier to 

distribute the sample in the media and it showed very low cell death of about 11.5-14.5%. At this 

low concentration range CdS showed higher cell death which proves, CaCe2S4 is less toxic. 
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Further Work 

            A more detailed analysis on the cytotoxicity study based on every varying 

concentration of CaCe2S4 and CdS would give more reliability to the study. Although the starting 

materials CaS and Ce2S3 are air sensitive, a cytotoxicity evaluation on these compounds would 

enrich the study. Also, cytotoxicity on the impurities such as the oxysulfides would give more 

clear indication of the source of the toxicity. The particle size of CaCe2S4 plays an important role 

in its use as pigment, also it would help to understand the dispersity of the compound in media. 

Dynamic light scattering(DLS) technique or inductively coupled plasma mass spectrometry(ICP-

MS) could be used to measure the particle size. In addition to lactate dehydrogenase, LDH assay, 

other cell-based assay study such as MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide], MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium] or WST [2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-

tetrazolium, monosodium salt] could give more insight to how CaCe2S4 reacts and affects the cells. 

Cellular effects can investigated by means of size exclusion chromatography coupled with 

inductively coupled plasma mass spectrometry (SEC-ICP-MS) and intracellular sample content 

can be measured by inductively coupled optical emission spectrometry (ICP-OES)12. Besides 

Human Dermal Fibroblasts cell line, any known renal cell line would give a better comparative 

data set as studies on cytotoxicity study of CdS on renal cell line have been done12. As this study 

showed that CaCe2S4 has a low toxicity on healthy skin cells, the other members of alkaline earth 

doped rare earth sulfides family of vibrant color would be the next targets for cytotoxicity study. 

The toxicity study of this compound will lead the way to the application of the alkaline earth doped 

rare earth sulfides as commercial pigments. 
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A-1. Crystallographic data for γ-Ce2S3 

Formula Ce2.666S4 

Molecular weight(g) 501.90 

Space group I-43d 

a (Å) 8.651(2) 

V (Å3) 647.4(4) 

Z 4 

 

Atomic positions and displacement parameters of γ-Ce2S3 

Atom x y z Biso (Å
2) Site Occupancy 

Ce 3/8 0 1/4 1.08(3) 0.888 

S 0.0731(2) 0.0731 0.0731 0.058(5) 1 

 

A-2. Structure refinement results for the X-ray diffraction diagram of the Ca0.89Ce2.07S4
18 

Atoms x y z Biso (Å
2) Site Occupancy 

Ce 3/8 0 1/4 0.43 0.69(6) 

Ca 3/8 0 1/4 0.43 0.29(6) 

S 0.072(7) 0.072 0.072 0.34 1 
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