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Abstract Light-emitting diodes (LED) have recently been
introduced as a potential factor for proliferation of various cell
types in vitro. Nowadays, stem cells are widely used in regen-
erative medicine. Human umbilical cord matrix-derived mes-
enchymal (hUCM) cells can be more easily isolated and cul-
tured than adult mesenchymal stem cells. The aim of this
study was to evaluate the effect of red and green lights pro-
duced by LED on the proliferation of hUCM cells. hUCM
cells were isolated from the umbilical cord, and light irradia-
tion was applied at radiation energies of 0.318, 0.636, 0.954,
1.59, 3.18, 6.36, 9.54, and 12.72 J/em?. Irradiation of the
hUCM cells shows a significant (» <0.05) increase in cell
number as compared to controls after 40 h. In addition, cell
proliferation on days 7, 14, and 21 in irradiated groups were
significantly (»p <0.001) higher than that in the non-irradiated
groups. The present study clearly demonstrates the ability of
red and green lights irradiation to promote proliferation of
hUCM cells in vitro. The energy applied to the cells through
LED irradiation is an effective factor with paradoxical alter-
ations. Green light inserted a much profound effect at special
dosages than red light.
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Introduction

Human umbilical cord matrix-derived mesenchymal
(hUCM) cells have self-renewal potential and competence
of multilineage differentiation. They can more easily be iso-
lated and cultured than adult mesenchymal stem cell [1, 2].
Previous studies have reported that chemical agents includ-
ing growth factors and hormones regulate cell proliferation
[3, 4]. Physical factors such as low-level light irradiation
provided by light-emitting diodes (LED) and low-energy
lasers have recently been introduced as a potential factor
for proliferation of various cell types including fibroblasts,
osteoblast, keratinocytes, etc. [5S—7]. Li et al. reported that
LED irradiation promotes proliferation of human bone mar-
row mesenchymal stem cells [8]. Proliferation of these cells
was shown to be associated with photobio-modulation ef-
fects that increase cytoplasmic calcium ion content, activate
protein synthesis, and promote cell growth and cell division
[9, 10]. Nowadays, low-level light therapy is widely used in
treatment of dermatitis, veterinary medicine, sports medi-
cine, and wound healing [11-13]. Compared to lasers,
LEDs are cost-effective and light-weight. Also, according
to the experiments, LEDs are an effective alternative to la-
sers for photo-stimulation and photodynamic therapy [8, 14,
15]. In the recent years, the red and green light have been
found to affect various biological processes [16—18]. On the
other hand, improvements of stem cells proliferation capac-
ity are vital for the further advance of cell culture and tissue
engineering. Thus, we aimed at this study to evaluate the
effect of red and green lights produced by LED on the
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proliferation of human umbilical cord matrix-derived mes-
enchymal cells.

Materials and methods
Isolation and culture of hUCM cells

All the materials were purchased from Sigma company
(Sigma-alderich, Mo, USA) unless stated otherwise. Institu-
tional ethical review board committee at Kerman University
of Medical Sciences, Kerman, Iran, approved the study. A
written consent was taken from parents for the use of umbil-
ical cord. hUCM cells were harvested from normal and fresh
neonatal human umbilical cords (UCs) as described elsewhere
[19] with minor modifications. Briefly, UCs were transferred
to the laboratory in Hanks’ balanced salt solution (HBSS)
supplemented with 50 mg/mL streptomycin sulfate and
100 IU/mL penicillin.

Wharton’s jelly was then divided into 2- to 3-mm pieces
and loaded onto Petri dishes (Falcon BD, Franklin Lakes, NJ,
USA). Dulbecco’s modified Eagle’s medium (DMEM/F12),
supplemented with 10 % FBS (PA Biologicals, Sydney, Aus-
tralia), 100 pg/ml streptomycin, and 100 pg/ml penicillin, was
added for 2 weeks. Half of the medium was replaced every 3
to 4 days until the cells migrated from the fragment margins
and reached 80 % confluence. Passage 2 to 4 hUCM cells
were used for the experiments.

Evaluation of the differentiation potential of hUCM cells

Differential capability of hUCM cells were assessed with os-
teogenic and adipogenic differentiation of these cells. h(UCM
cells (passages 3—4) at a density of 2 x 10* cells/cm” were
seeded onto sterile glass slides with DMEM/F12 supplement-
ed with either adipogenic (100 nM dexamethasone and 50 pg/
ml indomethacin) or osteogenic (50 pg/ml ascorbic acid,
10 nM dexamethasone, and 10 mM (3-glycerophosphate) dif-
ferentiation medium for 21 days. The medium was refreshed
every 3 days. Cells induced with the adipogenic and osteo-
genic formulas were stained with Oil Red O and Alizarin Red
S, respectively [3, 20].

Flow cytometry analysis

To assess surface antigen expression, third-passage hUCM
cells were detached and approximately 2 x 10° viable cells
were loaded into 5-ml tubes. The cells were then washed,
fixed with 10 % formaldehide, and incubated for 30 min at
4 °C. After centrifugation and washing, the cells were
suspended in 10 % normal goat serum in PBS to block non-
specific binding sites. The cells were labeled with the
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following antibodies: phyco-erythrin (PE)-conjugated-CD73,
PE-conjugated-CD34, PE-conjugated-CD105 (Chemicon, Te-
mecula, CA), and PE-conjugated-CD90 (Dako, Glostrup,
Denmark) for 1 h at 4 °C [21, 22]. The control sample was
stained with matched isotype antibody (PE-conjugated mouse
IgG monoclonal isotype standard). At least 10,000 events
were recorded for each sample by a flow cytometer machine
(BD Biosciences), and data were analyzed using Win MDI
software (West Lafayette, IN).

Light irradiation

In this study, a handmade LED device was used. This device
consisted of green (532 nm with 20-nm bandwidth) and red
(630 nm with 10-nm bandwidth from SE Electronics, China)
lights. The power density and distribution was measured by
appropriate meters (Melles-Griot, US) and adjusted to
5.3 mW/cm2. The spectrum of the LEDs was checked by the
spectrometer (Avantes, The Netherlands). The LED array was
designed to fit into standard 96-well culture plates. These plates
were randomly assigned as control or the treated groups (green
or red LEDs). The cells were irradiated once for 1, 2, 3, 5, 10,
20, 30, or 40 min at radiation energies of 0.318, 0.636, 0.954,
1.59, 3.18, 6.36, 9.54, and 12.72 J/em?, respectively. All the
exposed cells were maintained inside the incubator during the
irradiation under the same conditions as the non-exposed cells
(control). Forty-eight hours after irradiation, the cells were ex-
amined for cell viability and proliferation.

Determination of cell proliferation by Wst-1

hUCM cells were trypsinized, and 1x 10* cells were loaded
into each well of 96-well culture plates. The cells were incu-
bated at 37 °C with 5 % CO, in the humidified air for 24 h.
The treatment groups received various LED irradiations, and a
control group received no irradiation. After 48-h incubation,
10 ul WST-1 (Roche, Germany) reagents were added to each
well and incubated for 1.5 h in humid incubator at 37 °C. The
optical density (OD) was measured at 450-nm wavelength
with a reference value of 630 nm using an ELISA reader
instrument (BIOTEK, USA). Experiments were repeated at
least three times in triplicate. The rate of cell activity and
survival was calculated by the following equation: (OD of
treatment/OD of control) x 100.

Characterization of hUCM cells proliferation by Hoechst
staining

hUCM cells were cultured at a density of 1 x 10* cells/cm” on
clean, sterile glass coverslips and incubated for 24 h at 37 °C
with 5 % CO2 in the air. These cells were irradiated for 1 min
and 5 min (radiation energies of 0.318 and 1.59 J/em?) by red
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and green LEDs, respectively. Afterward, the cells were cul-
tured in DMEM/F12 supplemented with 10 % FBS, 100 U/ml
penicillin, and 100 pg/ml streptomycin for 7, 14, and 21 days.
The slides were stained with Hoechst for the evaluation of cell
proliferation. The slides in the control group (non-exposed
cells) were stained with Hoechst as well. Cell counting was
performed by a fluorescent microscope at X200, with the fol-
lowing method: Cells nuclei were counted in the center of
glass coverslip (highest cell density area) and the stage was
then moved 2 mm forward, backward, left, and right accord-
ing to the center of slide.

Viability assay by trypan blue

A total of 1.5 x 10 viable cells were seeded into 3-cm plates
containing DMEM/F12 supplemented with 10 % FBS. Light
irradiation was similar to Hoechst method (see supra). Forty-
eight hours later, the cells (floating and trypsin-detached cells)
were collected in 15-mL tubes and centrifuged at 2700 rpm for
3 min, and a sample was mixed with equal volume of trypan
blue. The cells were then transferred to a Neubauer hemocy-
tometer slide and were counted using an optical microscope
(Nikon, TS100, Japan). Viable cells do not take up the dye and

Fig.2 Adipogenic and osteogenic differentiation of hUCM cells. Oil Red O staining (a) showed a collection of lipid-containing vacuoles. Subsequent to
osteogenic induction, formation of calcium deposits by means of Alizarin Red S staining (b) was visible. (Scale bars: a 20 pm; b 40 pum)
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appear bright, while dead cells uptake the dye and appear blue.
Each plate had three repeats of counting. Experiments were
repeated at least three times, and the mean was used for
analysis.

Statistical analysis

Data were presented as the mean=SD. One-way ANOVA
followed by Tukey post hoc test was used for data processing.
A difference of p<0.05 was considered statistically
significant.

Results
Features of hUCM cells

Twelve days after the umbilical cord Wharton’s jelly pieces
were cultured, fusiform, fibroblast-like cells were detected at
the boundary of the explants. The isolated cells expressed
mesenchymal stem cells markers CD73, CDgg, and CDjgs
(71.6, 95.7, and 87.3 %, respectively) but did not express
hematopoietic cell surface marker CD34 (3.4 %) (Fig. 1).

Adipogenic differentiation of hUCM cells was assessed
after 18 days of adipogenic treatment. A collection of lipid-
containing vacuoles was discovered with Oil Red O staining
(Fig. 2a). Osteogenic activity was determined by the forma-
tion of calcium deposits in extracellular matrix detected by
means of Alizarin Red S staining (Fig. 2b). No Alizarin Red
S- or Oil Red O-positive cells were observed in the control
cultures.

Determination of cell proliferation by Wst-1

The results, presented in Fig. 3, show that cell proliferation
measured by means of Wst-1 assay revealed a significant
(»<0.05) increase in hUCM proliferation and activity in com-
parison to non-irradiated controls. The red probe at all radia-
tion energies, except 9.54 and 12.72 J/em?, provided higher
result than the control non-irradiated culture. However, no
statistical significant differences were detected among the
groups. In addition, the green probe induced a non-
significant increase of cells at all radiation energies except
9.54 J/ecm?. Furthermore, the green probe provided a higher
increase in the number of cells (0.636 and 3.18 J/cm?,
p<0.05; 0.954 and 1.59 J/em?, p<0.01) than the red probe.

Characterization of hUCM cells proliferation by Hoechst
staining

Hoechst staining was used to determine whether green and red
LED’s treatment could enhance hUCM proliferation over a
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Fig. 3 Significantly higher proliferation of hUCMs was observed after
48 h exposure to green and red LED irradiation compared with the control
groups (, different from the control group in green light at p <0.05; A,
different from the control group in red light at p <0.05). Comparison of
the results in green and red light irradiation show that the green probe
resulted in a significant increase in the number of hUCM cells (0.636 and
3.18 Jlem?, p<0.05; 0.954 and 1.59 J/em?, p<0.01)

long period of cultivation. The results showed that the cell
proliferation on days 7, 14, and 21 in irradiated groups was
significantly (p<0.001) higher than that in the non-irradiated
groups (Fig. 4). Moreover, the cell number at 7 and 14 days
post-irradiation in green light group was significantly (day 7
<0.001; day 14 p<0.01) higher than that in red light irradi-
ated group. However, on day 21, the red probe induced a
significant (»p<0.01) increase of cells compared with green
probe (Fig. 5a).

Viability assay by trypan blue
The number of viable cells in LED’s treatment groups was

higher in comparison to control group, but there was no sig-
nificant difference between the groups (Fig. 6).
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Fig. 4 Results of hUCM cells proliferation by Hoechst staining. The data
showed that the cell proliferation on days 7, 14, and 21 in irradiated groups
were significantly higher than that in the control groups (p <0.001)
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Fig. 5 Hoechst staining was used to assess the cell proliferation on days
0,7,14,and 21 (a). hUCM cells at passage 3 are a monolayer of large, flat

Discussion

In the present study, the effects of red and green lights at
different energy dosages on hUCM cells were investigated.
The previous photobiostimulation studies using LEDs or
low-power lasers have shown enhanced cellular proliferation,
activity, and maturation [16, 23, 24]. These effects have been
observed for osteoblast and fibroblast cultures consistently [7,
25]. The mechanism of cell proliferation following light stim-
ulation is not fully understood, but it has been attributed to an
increase in oxidative metabolism of mitochondria [26, 27].
The absorption of LED photons by the cytochrome ¢ oxidase
(a respiratory chain enzyme) increases production of ATP
which may accelerate mitoses [28]. The way light interacts
with the cells will depend on the parameters and characteris-
tics of light devices, mainly the exposure time and wave-
length, and/or the cell types used [29, 30].

In a recent study, Peng et al. have shown that proliferation
of bone marrow mesenchymal stem cells can be promoted by
LED irradiation [31]. In our study, the results of the WST-1
demonstrated that LED irradiation is also capable of stimulat-
ing proliferation of hUCM cells cultured in conventional en-
vironment. Based on the results of WST-1 test, the LED irra-
diation (at the lower doses) increases cell proliferation while
later (higher doses), it reverses the trend. Whether higher
doses of green and red LED would alleviate, a stressful con-
dition on living cells needs to be investigated. Reactive oxy-
gen species (ROS) and NO measurements may elucidate the
mechanisms underlying dual function of red and green LED
irradiation. Mesenchymal stem cells are hopeful for use in
regenerative medicine [21]; hence, appropriate in vitro condi-
tions such as chemical or physical inducers are a necessary
factor for improved proliferation of these cells. Ong et al.

Day 21

cells under phase contrast; nuclei of these cells are labeled with Hoechst

(b)

reported that green light-emitting diode can activate the mo-
tility of stem cells isolated from human orbital fat tissue [32].
In agreement with Ong study, we showed that green LED
(570 nm) irradiation improves hUCM cells proliferation at
different radiation energies especially 1.59 J. Motility and
proliferation of stem cells result in an effective tissue repair
[33]. To achieve more population of stem cells for clinical
applications, numerous approaches have been introduced to
maintain and accelerate the proliferation potentialities [34,
35]. Whether, other types of LED wavelength and the conse-
quence of irradiation would alter the proliferation capacity of
mesenchymal stem cells needs to be investigated.

Conclusions

Our results demonstrated that human umbilical cord matrix-
derived mesenchymal cells could successfully be induced for

Ocontrol
ORed LED
100 W Green LED

number of viable cells/ml (x10%)
N
£
o

0 ——
Red LED Green LED

control

Groups

Fig. 6 Number of viable cells/ml (x10%) detected by the trypan blue
assay
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higher proliferate rate by green and red LEDs. The energy
applied to the cells through LED irradiation is an effective
factor with paradoxical alterations. Green light inserted a
much profound effect at special dosages than red light.
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