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ABSTRACT
Objective(s): In this study, we present the potential of cerium oxide nanoparticle pretreatment on ARPE-19 
cells, a cell line of the Retinal Pigment Epithelium (RPE), as a therapeutic modality to cellular stresses such 
as low serum starvation.
Materials and Methods: ARPE-19 cells were pretreated with nano-cerium oxide at a concentration of 500 
µg/mL before low serum stress was induced for 24, 48, 72, and 96 hours. Starvation stress was induced by 
using low concentrations of Fetal Bovine Serum (FBS) media at three increments: 10%, 1%, 0.1%.
Results: Contrast images demonstrated higher cell confluence and cell integrity in cells pretreated with 
cerium oxide nanoparticles compared to untreated cells. Increased cell viability for cerium oxide pretreated 
cells was confirmed by MTS assay after 96 hours of serum starvation.
Conclusion: By using nanoparticles to influence pathways of apoptosis, we hope to rescue ARPE-19 cells 
from a range of stressors, including oxidative stress, and re-establish homeostasis for the cell. Nanoparticles 
may represent a novel class of therapeutics for diseases of the eye, like AMD and blue-light induced oxidative 
stress.

Keywords: Blue light, Cerium oxide, Macular degeneration 

INTRODUCTION
Age-related macular degeneration (AMD) 

is the most common cause of vision loss in the 
elderly in the Western world [1]. AMD consists 
of a group of clinically distinct diseases that 
affect the central retina, resulting in a range 
of symptoms. The severity of these symptoms 
can progress from subtle distortions to reduced 
visual acuity in the perception of fine details to 
an eventual complete loss of central vision and/
or legal blindness. AMD is characterized initially by 
a progressive, slow degenerative loss of the retinal 
pigment epithelium (RPE). The RPE is essential 
for photoreceptor cell renewal and maintenance 
of the blood-retina barrier and plays a role in the 
visual cycle. Thus, AMD causes progressive loss and 
degeneration of both photoreceptor cells above 
the RPE and the choriocapillaris below them. The 

precise mechanisms of RPE loss are unknown [2]; 
however, multiple lines of evidence point towards 
cumulative oxidative damage as a causal role in 
RPE cell death [3]. The RPE is continually exposed 
to a high concentration of oxygen in the macular 
region, abundance of reactive oxygen species 
(ROS), and intensive light irradiation [4-6]. With 
time, these adverse factors on RPE cells contribute 
to the overall reduction in antioxidant capacity 
seen with age and increase the levels of lipid- and 
protein-based pro-oxidative products [2, 7]. 

Epidemiological studies have identified a 
variety of risk factors for AMD; with smoking as the 
leading environmental factor [8]. Cigarette smoke 
contains over 4000 different substances, many of 
which are potent oxidants including hydroquinone 
(HQ) [9-11]. Chronic oxidative damage can 
upset the balance of the antioxidant response, 
leading to irreparable macromolecular damage 
that triggers cell death. The oxidative effects of 
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cigarette smoke on the eye have been well studied 
and are known to generate drusen-like deposits, 
promote choroidal neovascularization, exert 
mitogenic effects on many cell types, and cause 
RPE transcriptome alterations affecting autophagy, 
immune responses, mitochondrial function and 
survival [12-14].

Another stressor known to increase oxidative 
damage includes short wavelength light, or blue 
light. Blue light was shown to result in a decrease 
of a-waves and b-waves in an illuminance-
dependent manner, which characterizes an 
impaired electrical response to light in the eye 
[15, 16]. Blue light will penetrate the lens of the 
eye to cause retinal photochemical damage and 
massive apoptosis, leading to damage of the RPE 
[17, 18]. RPE damage causes photoreceptor death 
and ultimately progressive blindness will ensue, 
similarly to the pathogenesis of AMD.

In this study, we present the potential of 
cerium oxide nanoparticle pretreatment on ARPE-
19 cells, a cell line of the RPE [19], as another 
therapeutic modality to cellular stresses such as 
oxidative damage, exposure to blue light, and low 
serum stress. Pretreatment with cerium oxide 
nanoparticles can provide a non-toxic way to 
penetrate ARPE-19 cells and provide cytoprotective 
effect, reducing damage to the RPE.

Specifically, we tested the viability of ARPE-
19 cells when pretreated with cerium oxide 
nanoparticles at a concentration of 500 μg/mL 
under starvation stress conditions. Starvation 
stress was induced using low concentrations 
of Fetal Bovine Serum (FBS) media at three 
increments: 10%, 1%, 0.1%. Contrast images were 
taken at 24, 48, 72, and 96 hours. MTS assay was 
conducted at 96 hours.

MATERIALS AND METHODS
Cerium Oxide Nanoparticle Preparation & Sizing

The chemicals used in this experiment were 
acquired from Sigma (St. Louis MO, USA), and 
utilized without additional purification. Cerium 
oxide nanoparticles were synthesized by mixing a 
cerium nitrate hexahydrate solution with a sodium 
hydroxide solution. The mixture was then left to 
dry for 24 hours [20].

The cerium nitrate hexahydrate solution 
was prepared by mixing 21.7 g of cerium nitrate 
hexahydrate with 100 mL of water. The sodium 
hydroxide solution was prepared by adding 2 g of 
sodium hydroxide to 50 mL of distilled water.

To form the cerium oxide nanoparticles, 85 mL 
of ceria nitrate solution, 5 mL of sodium hydroxide 
solution, and 75 mL of distilled water were added 
to a beaker. The solution was stirred for 1 hour and 
then left at 150°C for 24 hours.

Cerium oxide nanoparticles were assessed for 
size using transmission electron microscopy (TEM). 
The cerium oxide nanoparticles were suspended in 
ethanol, then placed in a carbon grid for analysis. 
A JEOL JEM-101 TEM was used to determine the 
average size and distribution of Ce NPs.

Cell culture
ARPE-19 cells were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) with high 
glucose and L-glutamine. Cell culture also 
contained 10% heat-inactivated Fetal Bovine 
Serum (FBS), 100 U/mL penicillin G, 100 mg/mL 
streptomycin, 250 μg/mL amphotericin B. The 
ARPE-19 cell cultures were grown to confluency in 
100mm plates. The cell cultures were maintained 
in a humidified chamber at 37 °C with 5% CO2 
and 95% air atmosphere. Culture medium was 
changed every 48 hours. ARPE-19 cells used for 
the experiments in this study were of passages 3-4. 
After confluency of ARPE-19 cells were reached 
(80-90% confluence), the cells were detached from 
100mm plates with 500 μL of TripleE to create a 
suspension. The suspension was centrifuged in 
15 mL screw cap tubes, and then reconstituted 
in DMEM complete medium, with FBS and other 
supplements listed above. Cells were visualized 
under a light microscope for morphology.

Serum starvation
Before serum starvation was applied, ARPE-19 

cells were transferred from their original culture 
plates to new plates. ARPE-19 cells were seeded at 
a concentration of 40,000 cells/well on twelve well 
plates for 24 hours to ~80% confluence. Complete 
media contained DMEM with high glucose and 
L-glutamine, with 10% heat inactivated FBS, 100 
U/ml penicillin G, 100 mg/mL streptomycin, 250 
μg/mL amphotericin B. Pretreatment of ARPE-19 
cells with nanoparticles involved replacing old 
medium with complete medium containing 500 
μg/mL cerium oxide nanoparticles. Pretreated 
ARPE-19 cells were incubated for 24 hours.

To apply serum starvation, low serum medium 
was added at concentrations of 1% FBS and 
0.1% FBS to their respective wells, along with 
the same DMEM, 100 U/mL penicillin G, 100 
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mg/ml streptomycin, 250 μg/mL amphotericin 
B as described in the cell culture section. Plates 
containing 10%, 1%, and 0.1% media were 
incubated in a humidified chamber at 37 °C with 
5% CO2 and 95% air atmosphere for 24, 48, 
72, and 96 hours. Fig 1 is a visualization of the 
experimental paradigm used in this experiment.

Fi 1. Experimental Paradigm

Abbreviations: FBS, fetal bovine serum; NPs, nanoparticles

Contrast images
Phase contrast images of the twelve well plates 

containing ARPE-19 cells were acquired at 0, 24, 
48, 72, and 96 hours at each concentration of FBS 
stress. A Nikon Eclipse TS100 microscope was used 
to image the cell plates. Each well was imaged 
two times in central areas of the well to minimize 
edge effects. Every image taken was evaluated 
for confluence and morphology. One image per 
sample was included in the results section.

Cell viability MTS assay
ARPE-19 cells were seeded at 5000 cells 

per well and grown to confluence for 24 hours. 
Pretreatment of cerium oxide nanoparticles was 
applied to ARPE-19 cells and then incubated for 
an additional 24 hours. Low serum stress was 
applied at 10%, 1%, 0.1% concentrations of FBS. 
MTS Cell Proliferation Assay was conducted after 
96 hours of low serum stress. To determine the 
percent viability of cells pretreated with cerium 
oxide nanoparticles, the data was normalized to 
untreated ARPE-19 cells at FBS concentration of 
10%.

Statistical analysis
Each experiment presented in this paper was 

conducted three times. With data collected from 
the MTS assay, a two-sample t-test of unequal 

variances was conducted to compare the effect of 
cerium oxide nanoparticles with untreated cells 
for each FBS concentration.

RESULTS
Synthesized cerium nanoparticles were 

characterized with transmission electron 
microscopy (TEM) before preincubation with 
ARPE-19 cells. Fig 2 shows a TEM image of cerium 
nanoparticles with four different observable 
diameters, ranging from 8.34 nm to 10.2 nm.

Fig 2. Cerium nanoparticles characterized with transmission 
electron microscopy

Abbreviations: NPs, nanoparticles; Mag, magnification

Phase contrast micrographs of ARPE-19 
cells were obtained 0, 24, 48, 72, 96 hours after 
applying serum starvation. For all periods of low 
serum starvation, 10% FBS concentration without 
nanoparticles served as the control. 

We first identified slight differences in ARPE-
19 cell populations after 24 hours, as depicted in 
Fig 3. The top row represents cells that were left 
untreated, while the bottom row was preincubated 
for 24 hours with cerium oxide nanoparticles 
at a concentration of 500 μg/mL. Each column 
represents a different level of low serum stress, 
with 10% FBS serving as the control, 1% FBS as 
moderate stress, and 0.1% FBS as extreme stress. 
The stress effects on ARPE-19 cell populations 
were more apparent in Fig 4, which was taken 
after 48 hours of serum starvation.

In Fig 5 and Fig 6, acquired after 72 hours 
and 96 hours respectively, significant differences 
between treated and untreated ARPE-19 cell 
populations can be observed. Specifically, with 
0.1% concentration of FBS at 96 hours, treated 
cells were highly confluent while untreated cells 
were sparse.
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After 96 hours of low serum stress, an MTS 
assay was conducted to evaluate the percent 
viability of ARPE-19 cells pretreated with 500 μg/
mL cerium oxide nanoparticles, when compared to 
untreated ARPE-19 cells. All three concentrations 
of FBS used for serum stress were analyzed in the 
MTS assay. Fig 7 presents quantitative results of 
the MTS assay. As noted on Fig 7, t-test for FBS 
concentration of 10% did not reveal a significant 
difference for cell viability when comparing 
presence of cerium oxide nanoparticles against 
absence of cerium oxide nanoparticles. T-tests 
conducted for FBS concentrations of both 1% and 
0.1% indicated a statistically significant difference 
between presences of cerium oxide nanoparticles 
against absence of cerium oxide nanoparticles.

Fig 3. Nanoparticle treated ARPE-19 cells stressed by serum 
starvation after 24 hours

Notes: ARPE-19 cells were serum starved for 24 
hours at varying concentrations (10%, 1%, 0.1%) 
of FBS, as indicated. The top row shows untreated 
ARPE-19 cells. The bottom row shows ARPE-19 
cells pretreated with 500 μg/mL cerium oxide 
nanoparticles. Each column signifies a different 
level of FBS low serum stress. Magnification: 100x.

Fig 4. Nanoparticle treated ARPE-19 cells stressed by serum 
starvation after 48 hours

Notes: ARPE-19 cells were serum starved for 48 
hours at varying concentrations (10%, 1%, 0.1%) 
of FBS, as indicated. The top row shows untreated 
ARPE-19 cells. The bottom row shows ARPE-19 
cells pretreated with 500 μg/mL cerium oxide 
nanoparticles. Each column signifies a different 
level of FBS low serum stress. Magnification: 100x.

Fig 5. Nanoparticle treated ARPE-19 cells stressed by serum 
starvation after 72 hours

Notes: ARPE-19 cells were serum starved for 72 
hours at varying concentrations (10%, 1%, 0.1%) 
of FBS, as indicated. The top row shows untreated 
ARPE-19 cells. The bottom row shows ARPE-19 
cells pretreated with 500 μg/mL cerium oxide 
nanoparticles. Each column signifies a different 
level of FBS low serum stress. Magnification: 100x.

Fig 6. Nanoparticle treated ARPE-19 cells stressed by serum 
starvation after 96 hours

Notes: ARPE-19 cells were serum starved for 96 
hours at varying concentrations (10%, 1%, 0.1%) 
of FBS, as indicated. The top row shows untreated 
ARPE-19 cells. The bottom row shows ARPE-19 
cells pretreated with 500 μg/mL cerium oxide 
nanoparticles. Each column signifies a different 
level of FBS low serum stress. Magnification: 100x.
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Fig 7. MTS Assay of ARPE-19 cells under 96 hours low serum 
stress

Notes: ARPE-19 cells were serum starved for 96 
hours at varying concentrations (10%, 1%, 0.1%) 
of FBS, as indicated. Blue bars show results of 
ARPE-19 cells that were left untreated with cerium 
oxide nanoparticles. Green bars (+ Ce NP) show 
results of ARPE-19 cells that were pretreated with 
cerium oxide nanoparticles at a concentration of 
500 μg/mL. Data was normalized to present the 
control, 10% FBS untreated with cerium oxide 
nanoparticles, as 100% ARPE-19 cell viability. 
*P<0.05 compared to the respective control, which 
was untreated with cerium oxide nanoparticles at 
the same FBS concentration.

DISCUSSION
As shown in our low serum experiments, 

ARPE-19 cells pretreated with cerium oxide 
nanoparticles at a concentration of 500 μg/mL 
24 hours prior to starvation stress showed higher 
confluence, compared to control. This effect is 
first evident after 48 hours of low serum stress, as 
seen in Fig 4. Confluence differences for 72 and 96 
hours of serum stress were even more apparent, 
as seen in Fig 5 and Fig 6 respectively. At these 
time markers, obvious sparsity of untreated ARPE-
19 cells can be observed with 0.1% concentration 
of FBS. However, similar sparsity is not evident 
in ARPE-19 cells pretreated with 500 μg/mL 
cerium oxide nanoparticles when stressed at the 
same concentration of 0.1% FBS. These results 
suggest that the pretreatment of cerium oxide 
nanoparticles enabled cell rescue for stressed 
ARPE-19 cells.

MTS analysis conducted at 96 hours after 
low serum stress provides quantitative data to 
support the results obtained from phase contrast 
micrographs. As Fig 7 shows, nanoparticle-treated 
cells had a significantly higher cell viability for 
FBS concentrations of 1% and 0.1%. At 1% FBS 

concentration, pretreatment with cerium oxide 
nanoparticles resulted in a 14% higher cell viability 
compared to untreated control. At 0.1% FBS 
concentration, the nanoparticle-induced rescue 
effect was even more pronounced, with a 22% 
higher cell viability in pretreated cells. Statistical 
analysis supports these findings as significant. The 
control wells, at 10% FBS concentration, had a 
relatively small 6% difference between untreated 
and pretreated cells. The data collected from 
10% FBS wells were not found to be statistically 
significant. The cellular stress experiments at 
FBS concentrations 1% and 0.1% remain clear 
examples of nanoparticle-mediated cell rescue.

Within the human body, mechanisms of 
apoptosis are often induced with introduction 
of cellular stress such as hypoxia, extreme 
temperatures, or starvation conditions. The 
findings gathered from this study, involving 
low serum starvation conditions, may have 
implications on all types of stress experienced at 
the cellular level. Oxidative stress, for example, can 
be caused by cigarette smoke or photochemical 
reactions induced by blue light. These pathogenic 
factors cause intracellular misfolding of proteins, 
ultimately leading to apoptosis of the cells within 
the RPE and progressive blindness [14]. The 
ARPE-19 cell line is a part of the RPE, critical for 
maintenance and nutrition of photoreceptors that 
allow for vision. Protections from stress induced 
death of ARPE-19 cells, as shown in this study, 
provide insight on possible novel treatment routes 
for diseases that involve death of the RPE.

The mechanism of apoptosis in serum starved 
cells is likely to be similar as with oxidative stress. 
A well-studied mechanism of apoptosis is the Bcl-
2 pathway. Bcl-2 activation will cause a cascade of 
actions within the mitochondria, including release 
of cytochrome c and the activation of caspases 
like caspase-9, which have been coined as the cell 
death executioners [21]. We believe the inhibition 
of the Bcl-2 pathway to be one mechanism of 
nanoparticle pretreatment, which allows ARPE-19 
cells to live on in times of cellular stress.

Future studies must be conducted to 
investigate specific mechanisms of nanoparticle-
related protection from cell death. As our next step 
in understanding the potential therapeutic benefit 
of nanoparticles, we would like to investigate the 
mechanism of nanoparticle-mediated cell rescue. 
Specifically, we suspect nanoparticles to inhibit the 
Bcl-2 apoptosis pathway, which we would like to 
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further research and test. Lastly, new experiments 
to test other stressors, like temperature stress 
and hypoxic stress, may provide greater insight 
into the effect of nanoparticles. It is possible 
that nanoparticle-treated cells respond variably 
to different types of stress. Variation of results 
based on stress type can be helpful for narrowing 
the potential mechanisms responsible for cellular 
rescue.

CONCLUSION
In this study, we demonstrated the low serum 

starvation death of ARPE-19 cells to be curtailed 
when pretreated with cerium oxide nanoparticles. 
Cell viability was significantly higher when 
pretreating ARPE-19 cells with 500 μg/mL cerium 
oxide nanoparticles, as compared to the untreated 
control. These statistically significant differences 
could be seen in MTS assay when analyzing cells 
with low serum stress of 96 hours, specifically at 
1% and 0.1% FBS concentrations.

With the results that we have presented, it 
is conceivable that nanoparticles can represent 
a novel treatment class to prevent progressive 
blindness in diseases such as age-related macular 
degeneration and photochemical damage from 
blue light.

Future experiments must be completed to test 
the effect of nanoparticles on ARPE-19 cells under 
other types of stress conditions, such as hypoxic 
stress or temperature stress. We have considered 
Bcl-2 protein inhibition as a possible mechanism 
of nanoparticle-induced cell rescue. Overall, 
more work must be completed to identify specific 
mechanisms behind nanoparticle-mediated 
rescue of ARPE-19 cells.
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