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Abstract: Conditions of cellular stress are often the cause of cell death or dysfunction. Sustained 

cell stress can lead to several health complications, such as extensive inflammatory responses, 

tumor growth, and necrosis. To prevent disease and protect human tissue during these conditions 

and to avoid medication side effects, nanomaterials with unique characteristics have been applied 

to biological systems. This paper introduces the pretreatment in human dermal fibroblasts with 

cerium oxide nanoparticles during nutritional stress. For this purpose, human dermal fibroblast 

cells received cell culture media with concentrations of 250 µg/mL and 500 µg/mL of nano-cerium 

oxide before being exposed to 24, 48, and 72 hours of serum starvation. Contrast images dem-

onstrated higher cell confluence and cell integrity in cells pretreated with ceria nanoparticles 

compared to untreated cells. It was confirmed by MTS assay after 72 hours of serum starvation 

that higher cell viability was achieved with ceria nanoparticles. The results demonstrate the 

potential of cerium oxide nanoparticles as protective agents during cellular starvation.
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Introduction
Materials and devices with at least one dimension at the nanoscale (under 1,000 nm) 

present unique characteristics when compared with their equivalents at the micron 

scale. The reason is the presence of a high surface area per unit mass of material, 

which increases material reactivity and electrical characteristics significantly. Hence, 

nanotechnology, the development and use of nanomaterials, has been a widely studied 

field that encompasses a multidisciplinary range of applications. Especially in the field 

of nanomedicine, the engineering of biomaterials has shown considerable progress 

due to improvements in the synthesis and characterization of nanoparticles for their 

use in therapeutic purposes, such as magnetic biomarkers, drug delivery systems, and 

medical device coatings.1

Among several other nanomaterials, cerium composts have been reported as power-

ful antioxidants with high biological activity and relatively low cell toxicity. Although 

considered a rare earth element, cerium is one of the most abundant materials of this 

kind, comparable to copper and cobalt, which enables its application.2 It has demon-

strated no toxicity at 25 µg/mL, as shown by Xia et al,3 who also verified that cerium 

compounds induced considerable increase on bronchial cell resistance during oxidative 

conditions.3 Often combined with oxygen to create cerium oxide, this element can be 

used in nanoparticulate forms due to its ability to participate in redox reactions. This 

is a result of its interchangeable valence state between Ce3+ and Ce4+, which creates 

oxygen vacancies in the crystalline structure. These spots increase ceria nanoparticle 
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(Ce NP) reactivity, contributing as reactive oxygen species 

scavengers for a wide range of applications.4

Reactive oxygen species are frequently formed during 

oxidative stress situations, such as inflammation responses. 

Hence, it is possible to define oxidative stress as the dispropor-

tion between the production of these species, such as hydro-

gen peroxide and superoxide, and their elimination through 

antioxidant enzymes that are present on human tissues, such 

as catalase and superoxide dismutase.5 This imbalance often 

results in the destruction or dysfunction of cellular structures, 

causing pathological disorders. The prevention of these 

pathophysiological conditions is a main goal in the field of 

nanomedicine. For this reason, Ce NPs have been leading the 

way with their capacity to imitate superoxide dismutase and 

catalase activity, thus protecting living cells from oxidative 

compounds and promoting tissue resistance.6 In addition, Ce 

NPs have been reported as capable of healing dermal wounds 

in a mouse model by reducing the oxidative stress in the dam-

aged region, enhancing the regenerative process.7

This paper presents the results of Ce NP pretreatment on 

human dermal fibroblasts before their exposure to induced 

nutrition stress, which can naturally occur in pathologic con-

ditions such as infections and neurodegenerative diseases.8 

Two concentrations of Ce NP were used: 250 µg/mL and 

500 µg/mL. For the starvation stress, three concentrations of 

fetal bovine serum (FBS) media were tested (10%, 0.2%, and 

0.1%) for 24, 48, and 72 hours. Contrast images and MTS 

assays were used to verify the protective effect of nano-ceria 

in these stress conditions.

Methods
ceria NPs preparation
All chemicals were procured from Sigma (St Louis MO, 

USA) with no further purification. The Ce NPs used were 

synthesized by mixing a cerium nitrate hexahydrate solution 

and a sodium hydroxide solution for an hour and drying it for 

24 hours, as described earlier.9 The stock solutions of cerium 

and sodium hydroxide were prepared separately by dissolving 

and mixing 21.7 g of cerium nitrate hexahydrate in 100 mL 

of water and by adding 2 g of sodium hydroxide to 50 mL of 

distilled water in beaker. In another beaker, 85 mL of ceria 

nitrate, 5 mL of sodium hydroxide, and 75 mL of distilled 

water were added. The solution was stirred for 1 hour and 

heated at 150°C for 24 hours.

Sizing
Samples of cerium oxide nanoparticles were assessed for 

size by transmission electron microscopy (TEM). In order to 

prepare the sample for the TEM examination, a suspension 

was prepared in ethanol. The suspension was then placed on 

a carbon grid for further analysis. A JEOL JEM-101 TEM 

was used to characterize the average size, and dynamic 

light scattering (Zetasizer, NanoZS, Malvern Instruments, 

Malvern, UK) experiments were performed to analyze the 

particle size and distribution of Ce NPs.

cell culture
Neonatal human dermal fibroblasts (HDF) (ATTC, Manassas, 

VA, USA, Cat # PCS-201-010) were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM, Gibco, Carlsbad, CA, 

USA) with high glucose and L-glutamine, supplemented with 

10% heat-inactivated FBS (from Gibco), 100 U/mL penicillin 

G, 100 mg/mL streptomycin (Gibco), and 250 µg/mL ampho-

tericin B and were grown to confluency on 100 mm plates. 

The cells were maintained at 37°C in a humidified chamber 

at 5% CO
2
 and 95% air atmosphere. Fibroblasts were used 

at passages 6–8 in every experiment, and the culture medium 

was changed every 2 days. The growth characteristics and 

light microscopic appearance of the cells were unchanged 

up to passage 10. When the cultures reached 90% conflu-

ence, the cells were then detached from the plates with 500 

µL of TripleE (Gibco). Next, the single cell suspension was 

placed in a 15 mL screw cap tube and centrifuged. The cell 

pellet was reconstituted in a FBS-supplemented DMEM 

complete medium. Cell morphology was visualized under 

a microscope.

serum starvation
HDF cells were seeded at a uniform concentration of 

200,000 cells/well for 48 hours on six-well plates in com-

plete media containing DMEM with high glucose and 

L-glutamine supplemented with 10% heat-inactivated FBS, 

100 U/mL penicillin G, 100 mg/mL streptomycin, 250 µg/mL 

amphotericin B.

For the pretreatment experiment, the old medium was 

replaced with the complete medium containing 250 µg/mL 

and 500 µg/mL of Ce NPs in respective wells. After 24 hours 

of incubation, the serum starvation process was initiated 

by adding low serum medium (0.2% and 0.1% FBS in the 

same DMEM, 0.1% penicillin/streptomycin, and 250 µg/mL 

amphotericin B) to the respective wells. The plates containing 

(10%, 0.2%, and 0.1%) media were incubated for 24, 48, and 

72 hours at 37°C in a humidified chamber at 5% CO
2
 and 

95% air atmosphere.

Contrast images
Images of six-well plates were obtained through phase con-

trast microscopy 0, 24, 48, and 72 hours after the stress had 
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been initiated. A Nikon (Eclipse TS100, Nikon Instruments 

Inc, Melville, NY, USA) microscope was used for acquir-

ing phase contrast images. For each well, four images were 

acquired in the central region of the sample to avoid edge 

effects. All images were used to evaluate the cell morphology, 

although only one for each sample is showed in this report.

cell viability assay
HDF cells at 5,000 cells/well seeded on 96-well plates went 

through the same incubation process described in the section 

“Serum Starvation”. Then, after 72 hours of stress, the MTS 

Cell Proliferation Assay was applied and the plates were 

read by a spectrometer to determine the dependence of HDF 

cell viability on the level of starvation. The viability follow-

ing various treatments was determined by normalizing the 

treated to untreated cells. HDF test cells were then pretreated 

with nanoparticles for 24 hours followed by 72 hours of 

stress. Hence, the results were collected without any time to 

recovery, observing mainly the protective effect of Ce NP 

pretreatment during stressed conditions.

statistical analysis
All experiments were conducted three times, and differences 

between means were determined using analysis of variance 

followed by post hoc Tukey’s test. Figure 1 summarizes the 

experimental paradigm.

Results
Samples of Ce NP were characterized through TEM. Figure 2 

shows a TEM image in which it is possible to observe the 

diameter of four nanoparticles, which were 8.34 nm, 9.44 nm, 

9.74 nm, and 10.2 nm.

Contrast images of HDF were obtained after 0, 24, 48, and 

72 hours after the serum starvation was initiated. At 0 hour 

of stress, cells were of similar confluence for all treatments. 

After 24 hours, the wells with different serum concentrations 

(10%, 0.2%, and 0.1%) showed significant differences in cell 

population. Figure 3 presents images of the control (10% 

FBS), including wells with no Ce NPs pretreatment, as well 

as the ones pretreated with concentrations of 250 µg/mL 

and 500 µg/mL.

Phase contrast images of the serum-starved cells at 0.2% 

FBS were also obtained. Figure 4 shows these images such 

that each column represents a different concentration of 

Ce NP in the pretreatment (no ceria NP, 250 µg/mL, and 

500 µg/mL), and each row represents a different period of 

stress (24, 48, and 72 hours).

Similarly, Figure 5 presents contrast images of cells 

under serum starvation at the level of 0.1% FBS. Each 

column represents a different concentration of Ce NP (no 

ceria NP, 250 µg/mL, and 500 µg/mL) during pretreatment, 

and each row represents a different period of stress (24, 48, 

and 72 hours). 

An MTS assay was carried out for HDF cells under 

72 hours of serum starvation in order to evaluate quantita-

tively the effect of pretreatment with Ce NP at concentrations 

of 0 µg/mL, 250 µg/mL, and 500 µg/mL. Figure 6 presents 

the results in terms of cell viability for the control (cells in 

an environment with 10% FBS) and for serum concentrations 

of 0.2% and 0.1%.

After 72 hours of serum starvation stress at a concentra-

tion of 0.2% FBS, MTS assays were carried out in order to 

evaluate the effect of pretreatment with Ce NPs at 250 µg/mL 

and 500 µg/mL, as well as non-pretreated cells. Results for all 

three concentrations of Ce NPs used (0 µg/mL, 250 µg/mL, 

and 500 µg/mL) during pretreatment are presented. As the 

serum concentration reduced to 0.1%, there was no significant 

Figure 1 Experiment paradigm. 
Abbreviations: FBS, fetal bovine serum; HDF, human dermal fibroblast; NP, 
nanoparticle.

Figure 2 TEM image of CeriaNPs.
Abbreviations: NP, nanoparticle; Mag, magnification; TEM, transmission electron 
microscopy.
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Figure 3 HDF cells exposed to ceria NP (250 and 500 µg/mL for 24, 48, and 72 hours). 
Notes: After-preincubation phase contrast images were collected, 10% FBS concentration (control) after 24 hours (A), 48 hours (B), and 72 hours (C). First column shows 
images with no pretreatment, while the second and third columns show images of the wells pretreated with 250 µg/mL and 500 µg/mL of ceria NP, respectively. Magnification: 
100×. Cells were recovered in fresh medium for 24 hours.
Abbreviations: FBS, fetal bovine serum; HDF, human dermal fibroblasts; NP, nanoparticle.

Figure 4 NP-pretreated HDF cells were stressed by reducing the FBS concentration to 0.2%. 
Notes: Phase contrast images were collected, after 24 hours (A), 48 hours (B), and 72 hours (C). The first column shows images with no pretreatment, while the second 
and third columns show images of wells pretreated with 250 µg/mL and 500 µg/mL of ceria NP, respectively. Magnification: 100×. Cells were recovered in fresh medium for 
24 hours.
Abbreviations: FBS, fetal bovine serum; HDF, human dermal fibroblasts; NP, nanoparticle.
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Figure 5 NP-pretreated HDF cells were stressed by reducing the FBS concentration to 0.1%.
Notes: Phase contrast images were collected, after 24 hours (A), 48 hours (B), and 72 hours (C). First column shows images with no pretreatment, while second and 
third columns show images of wells pretreated with 250 µg/mL and 500 µg/mL of ceria NP, respectively. Magnification: 100×. Cells were recovered in fresh medium for 
24 hours.
Abbreviations: FBS, fetal bovine serum; HDF, human dermal fibroblasts; NP, nanoparticle.

Figure 6 Quantitative analysis of cell viability by MTs. 
Notes: Viability measurements of HDF cells under normal 10% FBS and different stressed conditions, 0.2% FBS and 0.1% FBS, without ceria NP, and cells exposed to ceria 
NP at 250 µg/mL and 500 µg/mL. The values were normalized in order to present the control (no Ceria NP with 10% FBS) as 100% in cell viability. Data = mean ± SEM; 
N=3; at respective concentrations: *P,0.01 compared to next lowest FBS percentage, same NP treatment, and same time period; **P,0.05 compared to respective control 
at the same FBS percentage.
Abbreviations: FBS, fetal bovine serum; HDF, human dermal fibroblasts; NP, nanoparticle; SEM, standard error of the mean.

Discussion
Human cells are often exposed to environmental stress 

capable of stimulating mutations and cell death. For this 

reason, cell defense mechanisms can be activated to preserve  

change in cell number from no ceria to 250 µg/mL ceria, 

which could mean that under this condition, the concentration 

is too low to induce any effect. However, there was a 50% 

increase in cell population at 500 µg/mL.
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cellular integrity.10 These mechanisms frequently include 

the expression of specific genes responsible for cell adap-

tive response, such as the hypoxia-inducible factors, which are 

activated as a transcriptional response to low concentrations 

of oxygen.11 The sources of stress can vary: temperature, 

nutrient deficiency, oxidative stress, ionizing radiation, 

osmotic shock, and so on. In vitro, artificial stress can be 

used to test materials and protocols that could stimulate or 

suppress (in cancer cells, for instance) survival responses.12 

In this study, nutritional starvation was used in order to 

test CeO
2
 nanoparticles’ protective effects. Concentrations 

below 10% in FBS were used, precisely 0.2% and 0.1%. 

As demonstrated, extremely low concentrations of serum 

can compromise cell proliferation and multipotentiality due 

to nutrient deprivation.13

During this study, there were no significant differences 

between pretreated cells and non-pretreated cells in the control 

wells, as shown on Figure 3. Up until 72 hours of incubation, 

the level of confluence remained very similar, as determined 

by MTS assays. This demonstrates that exposure to nano-ceria 

at concentrations of 250 µg/mL and 500 µg/mL does not result 

in any substantial negative effect on cell growth.

In the serum starvation experiments, the cells that received 

pretreatment with Ce NPs at concentrations of 250 µg/mL 

and 500 µg/mL presented more confluence when compared to 

the non-pretreated cells, as demonstrated on Figures 4 and 5. 

This behavior was observed in both starving concentrations 

of FBS (0.2% in FBS and 0.1% in FBS). The untreated cells 

also showed an elongated phenotype after 72 hours of stress 

in an effort to increase their superficial area to absorb the 

scarce amount of serum in the media. This configuration 

was less observed on cells submitted to pretreatment. The 

MTS results (Figure 6) indicated that nano-ceria behaved as 

a protective material in stress conditions. At a concentration 

of 0.2% in FBS, pretreatment of 250 µg/mL Ce NPs resulted 

in 16.3% more cell viability, while pretreatment at 500 µg/mL 

resulted in 51.1% more. However, the statistical analysis 

indicated no significant difference between the control and 

the pretreated cells at 250 µg/mL Ce NPs. At concentra-

tions of 0.1% in FBS, pretreated cells with nano-ceria at 

250 µg/mL presented cell viability 2.9% higher than the 

untreated cells, and 47.4% higher on cells pretreated with 

Ce NPs at 500 µg/mL. The low cell viability between pre-

treated cells with Ce NP at 250 µg/mL and untreated cells 

may be an indication that this concentration of nano-ceria is 

not as effective as 500 µg/mL. 

As demonstrated by Xu et al,14 in case of acute starvation 

conditions, autophagy can be activated to offer energy and 

nutrients as an adaptive response. This process is regulated 

mostly by Bcl-2 family proteins, and its inhibition is respon-

sible for reduced cell viability.14 Hence, the protective effect 

of nano-CeO
2
 can be a reflection of its stimulation of Bcl-2 

expression, which would explain higher cell viability on 

pretreated HDF cells compared to non-pretreated ones. 

Another cause could be an increased expression of p8 

protein, highly activated during stress conditions such as 

starvation.15 In this case, the nanoparticles could be acting 

on the Nupri1 gene, which encodes p8 protein in order 

to prevent cell death.16 Therefore, the presented results 

demonstrate that Ce NP pretreatment prevented cell death 

and increased cell viability upon starvation stress. This 

indicates that nano-CeO
2
 might stimulate cell survivor 

mechanisms, such as higher expression of p8 and Bcl-2 

proteins. Further molecular studies, such as RNA analysis, 

must be conducted in order to confirm this hypothesis. 

Since the applications of CeO
2
 nanoparticles could lead 

to their distribution in the body through the bloodstream, 

cytotoxicity assays using other mammalian tissues would 

be useful to broadly evaluate the effects of nano-ceria in 

the human body. Moreover, a larger difference between 

the serum concentrations could be helpful to determine the 

lowest nutritional level in which HDF cells could survive 

under Ce NPs protection.

Conclusion
In summary, we have shown for the first time that Ce NPs 

protect HDF cells during serum starvation. Specifically, a 

24-hour pretreatment with Ce NP at concentrations of 250 

and 500 µg/mL resulted in increased cell density under 

stressful conditions. Cell viability experiments with MTS 

assays indicate that pretreatment with nano-ceria increased 

the cell population by 51.1% after starvation. This indicates 

that nano-ceria somehow abrogates the cellular stress condi-

tion by interfering with reactive oxygen species generation. 

A lot still must be done in order to delineate the molecular 

mechanism to fully understand the role of nano-ceria in 

attenuating the cellular death under stressful conditions. 

Hence, the present study demonstrates the potential of Ce NP 

to prevent cell death in stress conditions.
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