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ABSTRACT

Long-term illumination ¢> the retina with blue-light-excited phosphor-converted
light-emitting diodes (.E=Ds5) may result in decreased retinal function, even if the
levels of blue licht «mited are low. New low-color-temperature dual-primary-color
LEDs have been de\r.oped that are composed of only two LED chips: a red chip and
a yellow chip. These LEDs are expected to become a new type of healthy lighting
source because they do not emit blue light, they lack phosphor, and they solve the
problem of low  efficiency encountered  with  phosphor-converted
low-color-temperature LEDs. Many studies have indicated that these new
low-color-temperature LEDs are likely to have therapeutic effects. However, the
biological safety of these LEDs needs to be explored before the therapeutic effects are
explored. Therefore, this experiment was conducted to investigate the effects of the

new low-color-temperature LEDs and fluorescent white LEDs on three types of



retinal cells. We observed that the viability and numbers of retinal cells decreased
gradually with increasing LED color temperature. The new low-color-temperature
LEDs caused less death and adverse effects on proliferation than the fluorescent white
LEDs. After irradiation with high-color-temperature LEDs, the expression of Zonula
Occludens-1 (Z0O-1) was decreased and discontinuous in ARPE-19 cells; the stress
protein hemeoxygenase-1 (HO-1) was upregulated in R28 cells; and glial fibrillary
acidic protein (GFAP) and vimentin were upregulated in rMC-1 cells. We therefore
conclude that the new white LEDs cause almost no damage to retinal cells and reduce

the potential human health risks of chronic exposure to flurresc~nt white LEDs.

Keywords: Low color temperature; Multi-primary c>lor, White LED; Retinal cell;

Biosafety

1. Introduction

At present, light-emitting diodes (LF.Os have replaced traditional light sources and
are commonly used for applications suc.: as display and lighting. Fluorescent white
LEDs use blue light to excite pbus >hor powders (such as red powder, yellow powder,
green powder, etc.) in order to aptain white light; these LEDs thus emit different
amounts of blue light. Nui.>erous experiments have shown that long-term blue-rich
radiation is harmful to hum=n health[1-9]. Therefore, reducing the blue-light content in

the LED spectral ¢:'tuot seems to be particularly important.

In recent years, the luminous efficiency of yellow-light LEDs has gradually improved.
White light synthesis by multi-primary-color LEDs can enhance both index and
efficiency values, reduce blue-light emission, meet needs for low color temperatures,
save rare earth resources, and enable intelligent scene lighting and visible light
communication technology. White LEDs are often measured in terms of color
temperature; a higher color temperature of a white LED is associated with greater
blue-light emission. The dual-primary-color LEDs used in this experiment match the

power ratios of two-color LEDs with red light (wavelength 630 nm) and yellow light



(wavelength 560 nm) to act as low-color-temperature light sources without blue-light
components. The color temperature can be continuously adjusted between 1500-2200
K to meet the lighting needs of low-color-temperature scenes. Many studies have
affirmed the therapeutic effects of red light and yellow light[10-15], so we speculate
that 1900 K low-color-temperature lamps without blue light are likely to have the
same therapeutic effects as red light and vyellow light. In addition,
low-color-temperature lamps are dual-primary-color light sources, so their protective
effects on biological tissue may be greater than those of mnnochromatic light sources
(emitting red or yellow light). In addition, we have previnus:‘/ proven that 1900 K
low-color-temperature LEDs can not only improve wz:'nu nealing and hair growth
but also regulate melatonin secretion, alleviate insor nia and promote the maintenance
of normal biological rhythms. We have also fo.nd 11at these lamps can protect the
ocular surface and reduce ocular surfezc healtn problems caused by blue

light-emitting LEDs[16].

Thus far, these new low-color-temperawte LEDs have been applied for civil lighting.
To further prove the effects of thz ne.’ LEDs on eye health, especially retinal health,
three types of retinal cells cc...mu.ly used in ophthalmology research were selected
for this study: rMC-1 cells, ARrE-19 cells, and R28 cells. By analyzing cell viability,
cell death, cell prolifera:ion. and the expression of various proteins, we compared the
effects of fluore~cest v.hite LEDs at different color temperatures and the new
low-color-temperaturs, LEDs on retinal cells. Our findings provide necessary evidence
that the new low-color-temperature LEDs are healthy light sources that can be used

for noninvasive light treatment.

2. Materials and Methods

2.1. Cell culture

ARPE-19 cells (ATCC, Rockville, MD; kindly donated by Dr. Jing Yu, Shanghai

Tenth People’s Hospital, Tongji University, Shanghai, China), R28 cells (kindly



provided by Dr. Guotong Xu, Tongji University School of Medicine , Shanghai, China)
and rMC-1 cells (derived from lines at Northwestern University Medical School)

were maintained in media (Dulbecco’s modified Eagle medium (DMEM)/F-12,

HyClone, Beijing, China), low-glucose DMEM (BI, Israel), and high-glucose DMEM
(HyClone, Australia), respectively , containing 10% fetal bovine serum (FBS, BlI,

Israel), 100 U/mL penicillin and 100 ug/mL streptomycin (Solarbio, Beijing, China).
The cells were passaged by trypsinization every 3 to 4 davs. All three kinds of cells

were incubated in a humidified atmosphere of 5% CO, at 27 °C.
2.2. Lighting treatment

To test the responses of the three types of retin=| ce'ls to LEDs with different color
temperatures and to blue light, we subjected the cells to six different light treatments,
including dark treatment, 1900 K-LED trectnent, 3000 K-LED treatment, 4000
K-LED treatment, 6600 K-LED tretm:nt and blue-light (470 nm) treatment. The
light sources were provided by Nc*ional Engineering Technology Research Center for
LED on Silicon Substrate, Nancn7.n,, university. As shown in Fig. 1, the peaks of the
1900 K LED were concentrc.ed between 500 nm and 650 nm; thus, the emitted light
lacked blue light and con.sted of red and yellow light (Fig. 1a). In addition, the 1900
K LED has a color rzi.2ening index of 80 and a luminous efficiency of 66.73 Im/W,
indicating that ic 15 a suitable light source. The artificial fluorescent white LEDs
include 3000 K, 4000 K, and 6600 K LEDs (Fig. 1b-d), whose peak ranges were
between 300 nm and 780 nm. The peak of blue light is 470 nm (Fig. 1e). We found
that blue light not only existed in traditional white light sources such as the 3000 K,
4000 K, and 6600 K LEDs but also tended to increase with increasing color
temperature. We created a light box divided into six independent areas so that the
different groups of cells were not affected by the light administered to the other
groups. Lamp beads were placed on the inner surface of the light box lid, and the cells
could be irradiated by closing the lid (Fig. 1B). The cells were seeded into 96-well

plates at a density of 3 x 10° cells per well and into six-well plates at a density of 3 x



10* cells per well and then incubated at 37 °C under 5% CO, for 24 hours.
Subsequently, the cells were exposed to the different light sources for 24 hours. Cells
grown in the dark were used as controls. To control the variables, we kept the
irradiated cells directly under the lamp beads and kept the intensity consistent among
the five kinds of light (10 W/m?) during the experiment. Our cell incubator has two
doors, the outermost is an opaque thick door, and the inner is a transparent glass door.
The six independent spaces in the light box have small holes on the non-adjacent box
surface to let light out. After retinal cells received light, we will close the glass door to
observe the light. Afterwards, during the whole irradiatior nrc-ess, we will open the
outer door of the cell incubator from time to time to chz2' \.iiether the light treatment
is still continuing. After the light is over, we turn o the 1ight device and take out the

cells for future experiments.

LED lamp

3000K 4000K _ 7,‘ Medium

, Petri dish

Fig. 1: Illuminating device. (A) The electroluminance spectra of lights with different color



temperatures. (a-e) The electroluminance spectra and CIE1931 chromaticity diagrams of four
light sources with different color temperatures (1900 K, 3000 K, 4000 K, and 6600 K) and
blue light were characterized by integration of spheres. (B) Diagram of the illuminating
device. (a) The light box. The box body is also divided into six areas. (b) The lamp cover.
Different lamp beads were installed on the lamp cover. (¢) LED chips with different color

temperature (C) lighting diagram.
2.3. Cell viability assay

Cell viability was measured by Cell Counting Kit-8 (CCK-6&) «nalysis according to the
kit instructions. The three kinds of cells were seeded intn v3-vvell plates at a density of
3 x 10 cells per well and then cultured in a humi iin.>~ atmosphere of 5% CO2 at
37 °C for 24 hours. The cells were then exposed ‘o ti 2 five light sources for 24 hours
as previously described. Next, the cells were cultured in medium containing 10%
WST-8 (BB-4202-1, Bestbio, Shanghai, C.hn.2; for 2 hours. The absorbance of each
group was measured using a microp! e r2ader (Multiskan Mk3, Thermo Scientific) to

determine the cell viability in eaci. axperimental group.
2.4. Cell death and prolifera*:an ~.periments

LIVE/DEAD viability as~ay. After culture in an incubator for 24 hours, the medium
of ARPE-19 cells wae rept'uced with medium containing no FBS, and the cells were
exposed to diffe.e.t ngat conditions (control (con), 1900 K, 4000 K, blue) for 24
hours. At the end o: the treatment, calcein-AM and propidium iodide (PI) (Bestbio,
BB-4126-1, China) were added to the culture medium at final concentrations of 8.1
mM and 1.5 mM, respectively, and the cells were incubated for 15 minutes. Images
were obtained using a confocal microscope (ZEISS, LSM800, Gottingen, Germany).
The dead cells and total cells were counted in five fields of view, and the percentages

of Pl-positive cells were calculated.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay:

Twenty-four hours after exposure to the different LEDs, R28 cells were fixed with 4%



paraformaldehyde and then incubated with TUNEL reagent (In Situ Cell Death
Detection with Fluorescein; Lot No. 26467700, Roche Biochemicals, Mannheim,
Germany) for 1 hour in a 37 °C dark incubator. The nuclei were stained with
4',6-diamidino-2-phenylindole (DAPI, Boster, Wuhan, China), and the apoptotic cells
and total cells were counted in five randomly selected fields of view under a confocal

microscope.

Bromodeoxyuridine (BrdU) treatment: After rMC-1 cells were treated with the
different light sources (con, 1900 K, 4000 K, blue) for 24 horars, 10 uM BrdU (B5002,
Sigma-Aldrich,Hamburg, Germany) was added to each six-.vell plate, and the cells
were incubated for 4 hours, as described previously[17]. + fterwards, the rMC-1 cells
were fixed with 4% paraformaldehyde and then i~~u.ated with a primary anti-BrdU
antibody at 4 °C overnight. The cells were incubaw ' with a secondary antibody for 1
hour the next day. After 15 minutes of DA ) stiining, the proliferating cells and the
total cells were counted in five ranzunly selected fields of view under confocal

microscopy.

2.5. Immunofluorescence stain'ry

The three kinds of cells wer: seeued into six-well plates at a density of 3 x 10* cells
per well. The rMC-1 ana RzC cells were incubated for 24 hours. The R28 cells were
then placed in low-¢iuc9se DMEM containing 1% FBS. The medium of ARPE-19
cells was also cha.1eu to DMEM/F-12 containing 1% FBS, and the cells were
incubated for 7 days. The three kinds of cells were then exposed to 10 W/m2 white
LEDs (1900 K and 4000 K) and blue-light LEDs for 24 hours. Then, the cells were
fixed with 4% paraformaldehyde for 15 minutes, blocked in 3% horse serum for 1
hour, and incubated with primary antibodies (against ZO-1, HO-1, vimentin, and
GFAP) overnight at 4 °C. Table 1 lists all the information about the primary
antibodies. The secondary antibodies included donkey anti-rabbit Alexa Fluor® 488
and donkey anti-mouse Alexa Fluor® 594 (Abcam, Cambridge, MA, USA). The cells
were incubated with the secondary antibodies at dilutions of 1:200 and with 0.2%

Triton X-100 for 1 hour at room temperature. Subsequently, the cells were



counterstained with DAPI, mounted and examined under a Zeiss confocal microscope

to obtain digital images.

All these experiments were performed in at least three times.

Table 1 | Primary antibodies used in the study.

Antibody source Catolog.No  Type of Ab Dilution MW
GFAP Sigma G3893 Mouse mAb 1:100 50
Vimentin CST #5741 Rabbit mAb 1.200 57
HO-1 Abcam ab13248 Mouse mA%, 1:100 34.6
Z0-1 CST 13663S Rabbit msY 1:100 220
BrdU SIGMA B8434 Mous=21, Ab 1:100

2.6. Data Analysis

All quantified data represents ar ~ve, 2ge of at least three samples. Graph Pad Prism
6.0 software were used for “tatictical analysis. All data were analyzed by one-way
ANOVA and Post Hoc Tur. =y Test to determine the significance of the response. P <

0.05 was consider~d _iap ficant.

3. Results

3.1. Cell viability decreases as color temperature increases.

We found that the overall viability of the three kinds of cells showed a downward
trend as the color temperature increased (Fig. 2A-C). The cell viability of the control
group (the dark group) was similar to that of the 1900 K group. For all three types of
retinal cells, cell viability was comparable among the 3000 K, 4000 K, and 6600 K
groups. In general, the cell viability of the 3000 K, 4000 K and 6600 K groups was



lower than that of the control group and the 1900 K group. Blue light was the type of
light that damaged the cells the most. Considering that the results for the 3000 K,
4000 K, and 6600 K groups were relatively similar, we chose the 4000 K LED and the
blue light as the experimental light sources for subsequent comparison with the 1900
K low-color-temperature LED. We found that the brightfield light results
corresponded to the CCK-8 results: as the amount of blue light emitted by the LEDs
increased, the number of retinal cells decreased (Fig. 2D). In addition, for rMC-1 and
R28 cells, the edge refraction of most cells in the blue-light group was elevated, and

the cells became round and lost their normal cell morpholesy\ (iig. 2D-e - Fig. 2D-1).
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Fig. 2: Effects of light of different color temperatures on retinal cell viability and

morphology. (A-C) Cell viability decreased as color temperature increased. (D) As the color



temperature of the LEDs increased, the numbers of the three kinds of cells decreased. The
results are expressed as the mean values £SEMs, n = 8. One-way ANOVA, post hoc Tukey’s

test (*p < 0.05, **p < 0.01, ***p < 0.001). Scale bars=50 um.

3.2. Low-color-temperature LEDs rarely cause ARPE-19 and R28 cell death.
With increasing blue-light dose, the proliferation ability of rMC-1 cells

decreases.

As shown in Fig. 3a-d and Fig. 3B, there were significantly more dead cells in the
blue-light group than in the 1900 K group. Although the.» were no statistically
significant differences among the other groups, we coula “euce some discrepancies
from the pictures: the 4000 K group had slightly mo e ¢>2d cells than the 1900 K and
control groups, and the blue-light group had mor« dex1 cells than the 4000 K group. A
TUNEL experiment was used to detect earlv apoptosis, and the TUNEL results for
R28 cells were the same as the calcein-AN /F. ziaining results for ARPE-19 cells (Fig.
3e-h and Fig. 3C). Among rMC-1 r=lls, there were fewer BrdU-positive cells in the
4000 K group than in the 1900 K aroup, and there were fewer BrdU-positive cells in
the blue-light group than in thc nt.or three groups (Fig. 3i-1 and Fig. 3D). These
findings indicate that LEDs :mitung higher levels of blue light have greater negative

effects on rMC-1 cell pro.:feiction than those emitting less blue light.
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Fig. 3: Low-color-teriperature LEDs rarely cause ARPE-19 and R28 cell death.
With increasing blue light dose, the proliferation ability of rMC-1 cells decreases.
(A) Immunofluorescence results for the three kinds of cells after different death and
proliferation experiments. (a-d) ARPE-19 cells stained with calcein-AM/PI. The orange cells
are dead cells stained by PIl. And the green cells are live cells stained by calcein-AM. (e-h)
R28 cells stained with TUNEL and DAPI. The cyan cells are TUNEL" cells. (i-l) rMC-1 cells
stained with BrdU and DAPI. The purple cells are proliferating cells. (B-D) Quantitative
analysis of the fluorescent staining-positive cells. The results are expressed as the mean

values +SEMs, n = 5. One-way ANOVA, post hoc Tukey’s test (*p < 0.05, **p < 0.01, ***p <



0.001). DAPI was used to stain the nuclei (blue). Scale bars=50 um. PI: propidium iodide;
TUNEL: Terminal deoxynucleotidyl transferase dUTP nick end labeling; DAPI:

4',6-diamidino-2-phenylindole; BrdU : Bromodeoxyuridine.

3.3. The expression of ZO-1 in ARPE-19 cells changes after exposure to LEDs
emitting high levels of blue light.

As shown in Fig. 4, ZO-1 was mainly expressed on the cell membrane. Although we
did not attempt to quantify ZO-1 in ARPE-19 cells, ZO-1 staining clearly occurred in
a continuous line surrounding the nucleus in the control and' 1900 K group. In the
4000 K group ZO-1 was still expressed, but the exn,~egon was discontinuous,
suggesting that the amount of ZO-1 protein on th¢ ¢.!" membrane may have been
decreased or that the proteins were no longer a! gne 1 normally. The situation in the
blue-light group was even worse; the ZO-1 arrungenient on the cell membrane was
intermittent, and the ZO-1 expression level .:us much lower than that in the other

three groups.
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Fig. 4: The expression of ZO-1 in ARPE-19 cells changes after exposure to LEDs
emitting high levels of blue light. (a-d) Immunofluorescence results for ZO-1 in
ARPE-19 cells. (e-h) Synthetic diagram of ZO-1 and DAPI. DAPI was used to stain the

nuclei  (blue). Scale bars=50 um. ZO-1: Zonula Occludens-1; DAPI:



4',6-diamidino-2-phenylindole.

3.4. The expression of HO-1 in R28 cells increases after exposure to LEDs

emitting high levels of blue light.

The R28 cells in the control and 1900 K groups did not express HO-1, but a few R28
cells in the 4000 K group expressed HO-1. In contrast with the 4000 K group, the
blue-light group exhibited HO-1 expression in almost all cells in the entire field (Fig.

).

Control 1900K 4000K

L-OH

Idvad/L-OH

Fig. 5: The expressi~~  f HO-1 in R28 cells increases after exposure to LEDs
emitting high levels oo blue light. (a-d) HO-1 immunoreactivity in R28 cells. (e-h)
Synthetic diagram 01 HO-1 and DAPI. DAPI was used to stain the nuclei (blue). Scale

bars=50 pm. HO-1: hemeoxygenase-1; DAPI: 4',6-diamidino-2-phenylindole.

3.5. The new low-color-temperature LEDs do not induce or downregulate the

expression of GFAP or vimentin in rMC-1 cells.

We found that the expression of GFAP in the blue-light group was higher than that in
the 4000 K group, and the red fluorescence of GFAP in the 4000 K group was slightly
stronger than that in the control group. However, the fluorescence intensity of GFAP

in the 1900 K group was significantly weaker than that in the control group (Fig.



6a-d). The results for vimentin were similar to those for GFAP. Similar levels of
vimentin expression were observed in the control and 1900 K groups. However, the
cells in the 4000 K group expressed slightly more vimentin than those in the 1900 K
group, and the fluorescence intensity of vimentin was strongest and most obvious in

the blue-light group (Fig. 6e-h).
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Fig. 6: The new lov. -color-temperature LEDs do not induce or downregulate the
expression of GFAP or vimentin in rMC-1 cells. (a-d) Immunostaining of GFAP in the
control, 1900 K, 4000 K and blue-light groups. (e-h) Immunostaining of vimentin in the four
groups. (i-1) Synthetic diagram of GFAP, vimentin and DAPI. DAPI was used to stain the
nuclei (blue). Scale bars=50 um. GFAP: glial fibrillary acidic protein. DAPI:

4',6-diamidino-2-phenylindole.

4. Discussion



People are unduly exposed to blue light emitted by LEDs in modern society.
Excessive and inappropriate blue-light exposure can cause circadian clock disorders
and even cause certain diseases, such as eye diseases, depression, anxiety, attention
deficit disorder, gastrointestinal diseases, cardiovascular diseases, and breast cancer[4,
18-23]. Researchers are gradually realizing that daytime and nighttime exposure to
white LEDs also poses certain health threats. Although the white light emitted from
these LEDs looks like normal light to human vision, it also contains blue light with
wavelengths in the range of 460 to 500 nm. This blue light corresponds to the known
retinal hazard spectrum[24]. Abdel-Rahman F et al.[25] us~d Caenorhabditis elegans
as a model to study the biological effects of domestir ! Z lighting and discovered
that the blue-light component of white LEDS m2v cause health problems. Thus,
further research is needed to test commercial wt.'te L =Ds that emit different amounts
of blue light. Studies have shown that :ong-term exposure to even compact
fluorescent lamps with low blue-light emi-sioi can cause retinal function decline, and
fluorescent white LEDs can release mrre blue light as the usage time increases[7].
Therefore, it is very important to n.*nimize the blue light in the spectral output of light
sources. A randomized controllec tnal conducted by Shechter et al.[21] revealed that
wearing amber blue-light-hiocking glasses before bedtime can improve sleep in
patients with insomnia. I, anuther study, a filter that can remove 94% of blue light
was used to protec. u 2 retina from high-intensity white-light damage[26]. The
findings of the above studies directly confirm our results, showing that the removal of
blue light can protect the retina. The new low-color-temperature LEDs (1900 K) used
in this study are more convenient to use than light-blocking elements. The most
important property of these LEDs is their potential to exert protective effects. We
explored the effects of the LEDs on retinal cells and found that the new
low-color-temperature LEDs had almost no effects on the cell viability of three kinds
of retinal cells. The brightfield light results corresponded to the CCK-8 assay results.
With increasing blue-light doses, the numbers of retinal cells decreased. The new
LEDs also rarely caused the death of ARPE-19 and R28 cells. In addition, the

proliferation ability of rMC-1 cells decreased with increasing blue-light emission of



LEDs. Notably, there was no significant difference in the expression of ZO-1 between
the control and 1900 K groups of ARPE-19 cells. ZO-1 was still expressed in the 4000
K group, but the expression was not continuous. The situation in the blue-light group
was even worse; the ZO-1 arrangement on the cell membrane was intermittent, and
the expression level of ZO-1 was much lower than that in the other three groups. The
R28 cells in the control and 1900 K groups did not express HO-1, but a few R28 cells
in the 4000 K group expressed HO-1. Most cells in the blue-light group expressed
HO-1. The expression of GFAP in the blue-light group was higher than that in the
4000 K group. The red fluorescence of GFAP in the 470y K group was slightly
stronger than that in the control group, but the fluoreszzncec ntensity of GFAP in the
1900 K group was significantly weaker than that ir rhe cuntrol group. The results for
vimentin were similar to those for GFAP. Over:'l, ti e results obtained in this study
suggest, for the first time, that the new LED: cause less damage to retinal cells than
other types of LEDs and can reduce the »otential human health risks of fluorescent

white LED exposure.

We found that the overall viabilit, o1 stinal cells after 24 hours of irradiation showed
a downward trend as the colc. =n.uerature increased. The brightfield light results for
the control, 1900 K, 400" K und blue-light groups were also consistent with the
CCK-8 assay results. "Me =nsured that the different light sources had the same
irradiance levels: thu~ our findings indicate that LEDs that emit high levels of blue
light (that is, LEDs v.ith high color temperatures) have greater negative impacts on
retinal cells than LEDs that emit lower levels of blue light. In a previous study, we
found that the noninvasive tear film breakup time (NITBUT) values of volunteers
who read books under 1900 K LED increased, while those of volunteers in three other
groups decreased. The findings indicated that the tear film stability of volunteers was
better in the 1900 K group than in the other groups. In addition, the volunteers in the
1900 K group had the lowest red-eye index values, showing that the new dual-primary
low-color-temperature LEDs (1900 K) can reduce dry-eye or red-eye symptoms[16].

Dry-eye patients may be more sensitive than other individuals to the ocular surface



toxicity of blue light, so exposure of people with ocular surface diseases to fluorescent
white LEDs emitting high levels of blue light may cause a vicious cycle[1]. Notably,
red light has been shown to accelerate the repair of the corneal epithelium[12]; thus,
irradiation with 1900 K LEDs may be a noninvasive way to treat ocular surface
diseases with great potential. In addition to ocular-surface issues, excessive blue-light
exposure can cause cataracts and refractive errors[6, 27]. Xie C et al.[6, 28] explored
the effects of different color temperatures on lens epithelial cells and primary retinal
pigment epithelium (RPE) cells and found that white LEDs with high color
temperatures may cause serious photobiological dam~ae to these cells. The
researchers used fluorescent white LEDs with a minimum Culor temperature of 2954
K in the experimental group. We used a similar co!r teinperature of 3000 K for our
experimental group. The wavelengths on the vizible electromagnetic spectrum that
can reach the retina are between 400 and 78" ~m or even 800 nm. The wavelength of
blue light is within this region. Blue light ‘s cniaracterized by a short wavelength, high
energy and relatively strong penetrat.a ;sower, which enable it to cause mitochondrial
dysfunction; blue light is the comp~nent of the visible spectrum that causes the most
damage to the retina. Studies hav': tarther shown that the blue light emitted by LEDs
in devices such as mobile mi.7nes and computers can damage cells in the brain and
retina[29]. Retinal diseas.~ are more difficult and expensive to treat than other
ophthalmic disease,, wvhich is why we chose to explore the effects of
low-color-temperatu > dual-primary-color LEDs and fluorescent white LEDs on the
retina. Moreover, we have previously discovered that the new low-color-temperature
LEDs can protect the ocular surface, so we deemed it necessary to continue to explore
the therapeutic effects of these LEDs on the retina. Certainly, the biological safety of
these new low-color-temperature dual-primary-color LEDs need to be explored before
subsequent experiments are conducted to explore their protective roles. And this study
is the first to describe the biological safety effects of low-color-temperature

dual-primary-color LEDs on retinal cells.



Next, we used different experiments to prove the beneficial effects of the new
low-color-temperature dual-primary-color LEDs on cell death and proliferation. We
found that the results for the control groups and the 1900 K groups of ARPE-19 and
R28 cells were the same. Greater emission of blue light by LEDs was associated with
more cell death among ARPE-19 cells, as revealed by PI staining; more apoptosis
among R28 cells, as revealed by green early apoptotic cell staining; and greater
negative effects on the proliferation of rMC-1 cells. These results explain why the
1900 K low-color-temperature dual-primary-color LEDs caused little (almost
negligible) damage to retinal cells. The three kinds of refinal cells used in this study
are closely related to fundus diseases; thus, the obser.~a Zifects on these cells can
mimic the effects of the low-color-temperature du~(-prunary-color LEDs on fundus
diseases to a certain extent. The RPE performs .any functions necessary for normal
retinal health and function. For example, it 2~ts as a physiological barrier between
photoreceptor cells and the choroidal *loou supply, restricts infectious or other
harmful substances from entering t..» rctina, and protects the retina from systemic
damage by regulating the immune -asponse. In addition, the RPE is important for the
transport of nutrients and ions v rected from choroidal blood to the photoreceptors
and enables the reverse mevement of waste produced by the photoreceptors into the
choroidal circulation. It cu™ @iso synthesize and release growth factors to build and
maintain choroids arda photoreceptors and participate in the visual cycle[30-34]. RPE
dysfunction is direcu ’ involved in the occurrence of irreversible blinding diseases of
the retina, including age-related macular degeneration (AMD), Stargardt disease and
choroiditis[30, 35-39]. Blue light is an important factor in the pathogenesis of
AMD[40]. After blue-light irradiation, degradation of the RPE precedes the
degradation of photoreceptors. RPE cells thus become damaged and exhibit reduced
phagocytotic activity. Subsequently, fatty acid peroxides accumulate around the inner
segment (1S)/outer segment (OS) junction, which affects the material exchange
between the photoreceptor cells and the choroid. The accumulation of fatty acid
peroxides can also cause macrophages to infiltrate the retina, inducing the release of

inflammatory factors, which accelerates retinal cell death[41-43]. Therefore, we chose



ARPE-19 as the experimental cell line in this study. We preliminarily simulated the
impacts of the new low-color-temperature dual-primary-color LEDs on the
pathogenesis of AMD by exploring the damaging effects of these LEDs on ARPE-19
cells. These 1900 K LEDs do not emit blue light. The PI results for the 1900 K group
were the same as those for the control group, indicating that 1900 K LEDs cause
minimal damage to the RPE. Photobiomodulation or near-infrared light therapy is a
method of noninvasive irradiation of tissue in the far-infrared to near-infrared
spectrum (630-1000 nm) used to achieve therapeutic effects. This intervention
specifically targets the key mechanism of RPE dysfunctinn (hat is involved in the
pathogenesis of AMD[44]. There is not much e.iacice on the efficacy of
photobiomodulation in AMD treatment, but its sate.y and proposed protective
mechanism have stimulated further research ini» th)s method as a new therapy for
AMD. The light emitted by our new low-co'z:-1emperature dual-primary-color LEDs
is composed of yellow and red light with ~ wavelength of 630 nm, which is exactly in
the red wavelength range required fo. nkotobiomodulation. Therefore, we hypothesize
that the new low-color-temperatui> dual-primary-color LEDs can protect RPE cells.
However, more experiments are n :ened to test this hypothesis. Blue light damages not
only the RPE but also pheturaceptor cells. Kuse et al.[45] exposed cultured mouse
cone cells to blue-light LEDs (464 nm), white-light LEDs (456 nm, 553 nm), and
green-light LEDs (572 1.m) with a light intensity of 0.38 mW/cm2 for 24 hours. They
found that the active ~xygen products increased by 1.4 times, 1.2 times, and 1.0 times
in the blue-light LED group, the white-light LED group, and the green-light LED
group, respectively. The blue-light LED group had the most severe cell damage.
Although the green-light LED group exhibited increased levels of active oxygen
products, no significant cell damage was found. The setup of this study was very
similar to that of our experiment, and the trends in their results are also consistent
with the trends in ours. However, Kuse et al. studied the effects of green light, blue
light and composite white light on cone cells, and we studied the effects of composite
white light and blue light on retinal cells. The wavelengths of the blue light used in

the two experiments are the same, but the wavelength of the red and yellow light in



the dual-primary-color LEDs is longer than that of green light, so the damage to cells
should be milder than that caused by green light. Mdiller glial cells, the major glial
cells in the retina, support the retina, recover neurotransmitters, remove waste
generated by the retina, regulate potassium levels, store glycogen, electrically insulate
nerve cells, and maintain a stable retinal environment[46-48]. Therefore, rMC-1 cells
are often used in experimental cell models of retinal injury. Furthermore, in the
context of glaucoma, Muller cells are reactivated, and glia proliferate. Reactivated
Miiller cells produce cytotoxic factors such as nitric oxide (NO), tumor necrosis factor
(TNF), reactive oxygen species (ROS), and prostaglantin (®GE2), which induce
apoptosis of retinal ganglion cells (RGCs)[49]. Howe'.or. Siter irradiation with blue
light, Mdller cells become hypertrophic, “glializati~n” vccurs, and the expression of
aquaporin-4 protein is upregulated[50]. Theretore, blue light can accelerate the
progression of glaucoma. Some previous st.:des have shown that 670 nm red light
can reduce the adverse effects of MNiller cell activation after photodamage,
downregulate Miuller-related inflam.matory factors, and prevent Mdller cells from
producing glial scars[51, 52). Therefore, we hypothesize that the new
low-color-temperature LEDs car S0 reduce the glialization of Muller cells in
glaucoma by improving Mi.'er cell mitochondrial function, which can delay RGC
death and thus slow the picaression of glaucoma. Through related research, scientists
have recently discov:reu that blue light can aggravate glaucoma by directly affecting
RGC mitochondria, function, inducing photooxidative stress and activating
apoptosis[53, 54]. Other studies have shown that RGCs are more sensitive to blue light
than glial cells because RGCs are less capable of repairing DNA than glial cells[55].
Red and near-red light can protect RGCs by improving mitochondrial function, so
low-color-temperature LEDs are likely to protect the optic nerve and thereby delay
the progression of glaucoma by exerting the same effect[56]. The use of RGCs in this
experiment would have helped elucidate the effects of the new low-color-temperature
dual-primary-color LEDs on ganglion cells. However, RGCs are difficult to obtain, so
R28 cells were used as cell models for glaucoma-related eye diseases in this

experiment. Although R28 cells are retinal precursor cells, they are highly



heterogeneous, can differentiate into different cell types under different cell culture
conditions, and can more accurately simulate the complex situation of the retina than
RGCs. They are often used in in vitro toxicity and neuroprotection studies. In vitro

experimental models for glaucoma research have also been described previously[57].

We performed immunofluorescence experiments on different cell types to detect the
production of landmark proteins after exposure to light. After irradiation of ARPE-19
cells with 4000 K and blue-light LEDs, the expression of ZO-1 on the cell membrane
was downregulated and discontinuous. The ZO-1 protein .= an important constituent
of tight junctions and plays a significant role in mainta'nin. the mechanical barrier
function and permeability of the mucosal epitheliury. S.udies by Iriyama[58] have
revealed that the nucleic acid and protein leve's ¢f ZO-1 in ARPE-19 cells are
decreased and that RPE cell phagocytosis is relaw ely suppressed after fluorescent
white LED irradiation. In addition, long-wi vziegth visible red light (600-1000 nm)
has no negative effects on cultured ce'«s Yu. ~an attenuate the negative effects of blue
light on cells[59]. Many studies have re *ealed the protective mechanism of red light:
red light is absorbed by mitrchoidrial COX in a process that may involve
photodissociation of inhibitory NC, which binds to the copper and heme centers of
COX, preventing oxygen *rom binding to active sites[60, 61]. Oxygen consumption
and ATP production ‘ncr=ase after NO photodissociation, and mitochondrial
membrane poter*ial sufsequently increases[62], which leads to many beneficial
effects, including red ctions in oxidative stress, inflammation, and cell death[63, 64].
The above findings reaffirm that long-wavelength (red to infrared) light exposure may

be a noninvasive treatment method for retinal mitochondria-related diseases.

HO-1 is an acutely reactive heat shock and stress protein that can be induced under
certain cellular stress conditions, including heat shock[65], ferroptosis, oxidative
damage, and ischemia-reperfusion injury[66, 67]. Previous studies have shown that
induction of HO-1 by gene transfer or pharmacological manipulation can inhibit
apoptosis and provide cytoprotection after injury[68, 69]. We observed that higher

color temperatures of LEDs elicited stronger fluorescence of HO-1 in irradiated R28



cells. Consistent with other results in our experiment, the control and 1900 K groups

did not express HO-1 because the 1900 K LEDs did not cause damage to cells.

For rMC-1 cells, the expression of GFAP and vimentin was upregulated as the blue
light emitted by the LEDs increased. Miller cells upregulate the expression of GFAP
and vimentin after encountering adverse stress conditions[70, 71]. Blue light can also
cause retinal Muller cell hypertrophy and upregulation of GFAP in rats[72]. In our
experimental results, the fluorescence intensity of GFAP in the 1900 K group was
even lower than that in the control group. Generally, conu ol groups are expected to
have the least damage. However, ordinary cell culture anc’ pre. ervation techniques can
cause some damage to cell mitochondria. Given our fidin.)s, the new LEDs are likely
to improve mitochondrial function, reduce the pr~au-tion of intracellular oxidation
products, and thereby reduce the expression of (5:"AP. Therefore, there is additional

evidence that the new low-color-temperaturc¢ 1.£0s may have therapeutic effects.

One previous experiment explored ‘e changes caused by long-term low-intensity
irradiation of rat retinas with L_Ds and revealed that long-term exposure to blue
light-rich LEDs had greater acvrr.o effects on the retina than exposure to LEDs
emitting low blue-light leve's. r.owever, the results also showed that the b-wave
amplitude in the electroictincgram (ERG) of the yellow compact fluorescent lamp
group did not decreasc ~iguificantly by the 9th day but decreased by 21% by day 28.
This finding indicaw < wat long-term exposure to even a 3000 K compact fluorescent
lamp will cause a decline in retinal function. Notably, fluorescent white LEDs release
more blue light as the usage time increases[7]. Kuse et al.[45] reported that 661W
cells exposed to blue-light LEDs (wavelength of 464 nm) are more sensitive to
light-induced damage than cells exposed to green-light (522 nm) or white-light (456
and 553 nm) LEDs. Similar results have been observed in primary retinal cells. These
data support the idea that long-term exposure to blue light in the 400-470 nm range,
even at low doses, may damage photoreceptors and RPE cells. Although most studies
have focused on the acute effects of light, some have also studied the cumulative

effects of light. For example, Noell et al.[73] reported that a single 5-minute exposure



does not cause significant damage to photoreceptor cells, while multiple consecutive
5-minute exposures cause significant photoreceptor cell damage. In addition, the time
between exposures affects the cumulative effects of light[74, 75]. In some cases,
intermittent exposures can cause more damage than a single exposure to an equivalent
amount of light[76]. Therefore, long-term intermittent exposure to traditional white
LEDs may pose a threat to health. In addition to the duration of exposure, the time of
exposure is also an influencing factor. Some studies have shown that under the same
light conditions, the loss rate of photoreceptor cells at night is significantly higher
than that during the day. Furthermore, the increased ler'=ls ~f melatonin at night
increase not only the susceptibility of the retina to phetzinduced damage but also the
risks of gastrointestinal, cardiovascular, and breast ¢-nce: 1n women[19, 77]. However,
in modern society, it is difficult to avoid using w! ite- ight LEDs emitting blue light at
night, and a large proportion of people con*irue to use electronic display terminals
such as mobile phones and computers aftc - turiiing off the lights. Exposure from such
devices can greatly impact human healt'. Therefore, it is of great health significance
to find a healthy blue-light-free liy."t source that can replace traditional white LEDs at
night. Additionally, the protective mechanism of the retina is important in preventing
light-induced damage. Luteii, 2r blue-blocking pigments can prevent light damage to
the retina[78]. With incicasing age, the mitochondrial function of retinal cells
gradually declines[774], *he retina becomes zinc-deficient, superoxide dismutase 1
(SOD1) and protectiv2 enzymes fail to function properly, self-protection of the retina
weakens, and accumulation of harmful products increases. The protective mechanism
against optical radiation damage is correspondingly weakened[80, 81]. Therefore,
patients with optic neuropathies (such as glaucoma and Leber's disease) or other
underlying retinal diseases, elderly patients, and diabetic patients are more likely than
other healthy people to exhibit Dblue-light photochemical damage. Our new
low-color-temperature LEDs that do not emit blue light and may have therapeutic
effects are undoubtedly the best choices for home lamps for these patients. At present,
low-level laser treatments generally use red light with a wavelength above 670 nm.

Red light has disadvantages in illumination and a low utilization rate. Although the



wavelength of red light in the 1900 K low-color-temperature dual-primary-color
LEDs in this experiment did not reach 670 nm, we can try to adjust the wavelength of
red light in new white LEDs to 670 nm or above to optimize the use of these LEDs for

treatment and illumination before further examining their protective effects.

5. Conclusion

The CCK-8 assays, cell death/proliferation experiments and immunofluorescence
staining experiments performed in this study yielded se‘eral findings. Fluorescent
white LEDs, even those with color temperatures as lov. .~ <000 K, cause certain
damage to retinal cells. The new low-color-temperatu:e ial-primary-color LEDs do
not cause damage to three types of retinal cells bec.tise they do not emit blue light;
rather, the light they emit is composed mainly of red and yellow dual-color light.
These LEDs can reduce the potential huriar. health risks of chronic exposure to
fluorescent white LEDs. Our experimer.:al results suggest that long-term use of
low-color-temperature LEDs will nou ~wse eye damage and lay a foundation for the
therapeutic use of low-color-tempe-ature LEDs in the future. On the basis of our
results, we conclude that it is safe to explore the protective effects of
low-color-temperature LEL s 0. the eyes. The results of our preliminary investigations
with the new low-color-ten.erature LEDs show that these light sources may protect
the ocular surface énd «meliorate insomnia. Given the results of previous studies
regarding the protecti re mechanisms of red and yellow light, these LEDs have great
potential for the treatment of insomnia and for protection of the retina, ocular surface
and even other tissues and organs. However, the potential ability of these light sources
to treat diseases other than insomnia and eye disease requires further investigation.
The new 1900 K low-color-temperature LEDs in this study may have value for both
lighting and treatment applications and are very suitable as home light sources,
especially for patients or elderly individuals who have trouble with eye diseases and
insomnia. We believe these LEDs will be some of the most promising home health

light sources in this century.
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Highlights
1) New low-color-temperature LZ=Ds cause no damage to retinal cells

2) New white LEDs may rzduc~ the health risks caused by long-term blue-light

exposure
3) New white LEDs may Le protective for users suffering eye diseases

4) New white LEDs may be useful for noninvasive phototherapy



