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Abstract

Photobiomodulation (PBM) has been proposed as a strategy to improve the regenerative capacity of human adipose-derived
stem cells (hASCs). Yet, this effect has been proved in 2D culture conditions. To analyze the effect of different doses of laser
irradiation (660 nm) with different levels of energy (1 J, 2 J and 6 J) on hASCs cultured at 2D and 3D conditions. We used
gellan gum spongy-like hydrogels as a biomaterial to 3D culture hASCs. Different doses (1-7 daily irradiations) and energy
levels (1-6 J) of PBM were applied, and the metabolic activity, viability, proliferation, and release of ROS and IL-8 was
evaluated up to 7 days. In 3D, cell proliferation increased at high energy (6 J) and after a single dose of irradiation, while in
2D, metabolic activity and proliferation was enhanced only after 3 doses and independently of the energy. More than 1 dose
was needed to promote ROS secretion both in 2D and 3D culture conditions. Interestingly, a decrease of IL-8 secretion was
detected only in 3D after 3—7 daily irradiations. Overall, hASCs response to PBM was not only dependent on the energy
level and the number of applied stimuli, but also on the in vitro culture conditions.

Keywords Low-level laser therapy - Stem cells - Cell culture techniques

Introduction

Laser photobiomodulation therapy (PBM) is being used for
the treatment of several clinical dysfunctions, with empha-
sis on cutaneous wound healing. The application of PBM
has shown to promote increased cell activity and trophic-
regeneration through the modulation of the inflammatory
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response [1-3]. The effect of PBM in vitro was particularly
reflected on increased mitochondrial respiration and ATP
production [4, 5], synthesis of proteins [6], and cell migra-
tion and proliferation [3, 7, 8].

The potential of PBM is being spanned to the tissue
engineering and regenerative medicine (TERM) field due
to its ability to modulate mesenchymal stem cells (MSCs)
behavior. PBM has been shown to increase MSC prolifera-
tion without altering stem cells potential [9, 10]. However,
the outcomes that are being reported present large discrep-
ancies due to the lack of standard protocols [11-13]. More-
over, these studies have been performed in flat and rigid
two-dimensional monolayers (2D) that receive homogeneous
amount of nutrients and growth factors from the medium,
which does not reflect the in vivo situation [14, 15].
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Previous studies have shown that tridimensional (3D)
culture models provide a better recreation of the in vivo-
like environment, allowing the cells to migrate and establish
communication among themselves and with the extracellular
matrix (ECM) [16]. Hydrogels present high similarities with
the native ECM owing to their high water content and vis-
coelastic features. Moreover, hydrogels can be engineered to
recreate cell microenvironments and construct bio-artificial
cell niches, hence showing remarkable features to be used
as 3D culture models [16]. Recent studies have shown the
potential of hydrogels based on the bacterial exopolysac-
charide gellan gum (GG) to be used for different TERM
applications [17-19]. In particular, GG-based spongy-like
hydrogels have shown superior mechanical performance
and flexibility and intrinsic cell adhesion features, not
observed in the precursor hydrogels [19]. In this context,
it was hypothesized that GG spongy-like hydrogels would
provide an improved environment in relation to 2D culture
surfaces, to study the effect of PBM on MSCs derived from
the adipose tissue (ASCs). Motivated by our previous results
evidencing a positive effect of PBM over hASCs in 3D [8],
in this work we aimed to analyze the effect of single and
multiple doses of laser irradiation (660 nm) with different
levels of energy (1 J, 2 J and 6 J) on hASCs cultured at
2D and 3D conditions. Moreover, the mechanism of action
of this therapy was evaluated in order to establish the con-
ditions that can be safely and efficiently applied in future
in vivo studies.

Material e methods
Photobiomodulation (PBM)

A red laser, aluminum gallium indium phosphide diode
(InGaAIP) (Therapy XT, DMC Sao Carlos/SP, Brazil) with
a wavelength of 660 nm (nm), power of 40 mW, beam trans-
versal area of 0.0475 cm?, and energiesof 1 J,2J and 6]
(Table 1) was used in the experiments established according
to a procedure previously described [8]. The laser pointer
was perpendicularly directed to each well and kept fixed,
with a distance of 3.34 cm from the laser pen to the bottom
of the well or the top of the scaffolds; this distance allowed
the laser beam to cover the total area of the well, the form
of application of the non-contact laser in cells, with this
distance, followed descriptions in the literature. [§]. A power
meter was used to verify the laser power before and after
irradiations.

Preparation of gellan gum spongy-like hydrogels

GG spongy-like hydrogels were prepared according to a
procedure previously described and patented with some
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Table 1 Parameters of the PBM irradiation

Parameters Values
Power (mW) 40
Wavelength (nm) 660
Mode of Action Continuous
Beam Transverse Area (cm?) 0.0475
Irradiance (W/cm?) 0.84
Energy Density (J/cm?) 21;42; 126
Time (s) 25;50; 150
Energy (J) 1;2;6
Number and Frequency of Sessions 7 irra-
diations
(every
24 h)

modifications [19]. GG (Sigma-Aldrich, Portugal) was first
modified with divinyl sulfone (DVS, Sigma-Aldrich, Por-
tugal) as previously reported [20]. The efficiency of DVS
conjugation was confirmed by 'H-NMR. GG-DVS (1%, w/v)
was then reacted with CGRGDSP peptide (800 uM, 95%
purity, Selleckchem, USA) for 1 h at RT. The efficiency of
CGRGDSP peptide conjugation was determined by micro-
BCA. GG solution (2%, w/v) was dissolved at 90°C for
30 min and then mixed with the GG-DVS-RGD solution
(1%, wiv) at RT (1:1, v:v). The mixture was poured into a
petri dish and left to crosslink at RT. Hydrogels were then
frozen at -80 °C, for 24 h and lyophilized (LyoAlfa 10/15,
Telstar, Spain) for three days to obtain the dried polymeric
structure. The microstructural, physical-chemical and
mechanical properties of the spongy hydrogel are shown
in Fig. 1. Discs of 5 mm diameter and 4 mm of height were
punched and used for the cell culture.

Microstructural characterization of gellan gum
spongy-like hydrogels

A high-resolution X-Ray Microtomography System Skyscan
1072 scanner (Skyscan, Kontich, Belgium) was used to ana-
lyze the microstructure of the dried GG structures. Samples
were scanned in a high-resolution mode using a pixel size
of 23.3 mm and integration time of 1.7 s. The X-ray source
was set at 35 keV of energy and 215 pA of electric cur-
rent. Representative data sets of 150 slices were transformed
into a binary picture using a dynamic threshold of 45¢255
(grey values) to distinguish the polymeric material from pore
voids. This data was used for morphometric analysis (CT
Analyzer v1.5.1.5, SkyScan) which included quantification
of the pore wall thickness, structure porosity and pore size.
3D virtual models of representative regions in the bulk of
the materials were created, visualized and registered using
the image processing software (CT-vox, SkyScan).
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Fig.1 Gellan gum spongy-like hydrogels microstructural, physic-
chemical and mechanical properties. A Microstructure of gellan gum
spongy-like hydrogels, determined by confocal microscopy. B Sum-
mary of gellan gum spongy-like hydrogels microstructural, physic-

A Leica TCS SP8 confocal microscope (Leica, Germany)
was used to analyze the microstructure of wet samples after
staining with the fluorescent dye 4',6-diamidino-2-phenylin-
dole (DAPI, 0.2 mg/mL, Biotium, USA).

Water content of gellan gum spongy-like hydrogels

The water content was determined by measuring the weight
of the dried GG samples before (Wd) and after (Ww) immer-
sion into a-Minimum Essential Medium («-MEM) medium
at 37°C for 2 days, to ensure full saturation.. The water con-
tent was determined using the following equation.

Water content(%) = (Ww — Wd)/Wd x 100

Mechanical characterization of the gellan gum
spongy-like hydrogels

An INSTRON 5543 (Instron Int. Ltd., USA) was used to
evaluate the mechanical properties of the wet samples. Dried
structures (5 X4 mm) were immersed in «-MEM medium for
48 h at 37 °C and then loaded on the equipment. Samples
were submitted to a pre-load of 0.1 N and then tested up to
60% of strain, at a loading rate of 2 mm/min. The compres-
sive modulus of samples was determined from the most lin-
ear part of the stress/strain curves using the secant method.

Fig.2 Experimental design of
PBM irradiation and sample
collection in all groups for
further analysis

Seeding (RASCs)
2D
iD

1" irradiation

Day 0

Sample collection
2* irradiation

B
Porosity* (%)
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Pore wall
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128.08 £17.24

11.84 £ 0.45
2
Water content 2022 + 314
%
Compressive 73.20+24.34

modulus? (kPa

chemical and mechanical properties (! determined by micro-CT; 2
determined after swelling for 48 h). Data results from at least 3 inde-
pendent experiments

Isolation and culture of human adipose stem cells

Human adipose stem cells (hASCs) were isolated from
human subcutaneous tissue samples obtained from liposuc-
tion. The samples were provided by the Hospital da Prelada
(Porto, Portugal), following signed patient informed consent,
under a protocol of collaboration with the 3B’s Research
Group, approved by the ethical committees of both insti-
tutions. The hASCs were isolated according to a standard
protocol [21]. Cells were cultivated in (a-MEM) (Life Tech-
nologies, Bleiswijk, The Netherland) supplemented with
10% Fetal Bovine Serum (Life Technologies, Bleiswijk, The
Netherland), 1% antibiotic/antimycotic (Life Technologies,
Paisley, UK), and kept at 37 °C and 5% CO,.

Cells at a density of 0.08 x 10° cell/structure were seeded
on the top of dried polymeric networks, left for 45 min at
37 °C and 5% CO, to guarantee cell retention within the
structure, and then cultured in a-MEM medium. For the 2D
conditions, cells were cultured at a density of 1 X 10* cells/
per well in 48 well plates in a-MEM (Life Technologies,
Bleiswijk, The Netherland) medium. In both conditions,
cells were irradiated 24 h after seeding. The irradiation was
repeated for 7 consecutive days, with a 24 h interval between
each irradiation, with a total of 7 irradiations per sample
(Fig. 2). Experimental groups were set as: 2D-control (2D
cell culture without irradiation), 2D-1 J (2D cell culture irra-
diated with 11J), 2D-2 J (2D cell culture irradiated with 2 J),

Day 1 Day 2 Day 3 Day4 DayS Dayé6 Day7

Sample collection
4% irradiation

6™ irradiation Sample collection

&% irradiation 7* irradiation

3" irradiation
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2D- 6 J (2D cell culture irradiated with 6 J), 3D-control (3D
cell culture without irradiation), 3D-1 J (3 D cell culture
irradiated with 1 J), 3D-2 J (3D cell culture irradiated with
2 1), 3D-6J (3D cell culture irradiated with 6 J).

Cell metabolic activity and viability

Cytotoxicity was evaluated 1, 3 and 7 days after the first
PBM irradiation, by the quantification of the metabolic
activity using MTS analysis (3-(4,5-dimethylthiazole-2-il)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium) for 2D culture, and the live/dead cells by confocal
microscopy for the 3D samples. A different method was
used to evaluate cell viability in 3D since the diffusion of
MTS reagent out of the biomaterials is compromised by the
adsorption of the colorant to the biomaterials. Briefly, cells
in 2D were incubated for 4 h with MTS and «a-MEM culture
medium without phenol red and (1:5 ratio) and the absorb-
ance was then read at 490 nm. For 3D cultures, the cell-laden
structures were incubated with a mixture of calcein (1 pg/
mL, Invitrogen, USA) and propidium iodide (1 pg/mL, Inv-
itrogen, USA) in a-MEM medium and left to incubate for
1 h in humidified atmosphere with CO, 5% and at 37 °C. The
cells were analyzed in Leica TCS SP8 confocal microscope
(Leica, Germany).

Cell proliferation quantification

Cell proliferation was evaluated at 1, 3 and 7 days after the
first PBM irradiation. For the 2D culture, the cells were
incubated for 1 h in H20 and frozen at -80°C prior DNA
quantification. The kit Quant-IT PicoGreen dsDNA Assay
Kit (Life Technologies, Scotland) was used to quantify the
DNA according to the manufacturer's instructions. Briefly,
DNA quantification was performed by adding 28.7 pL of
sample or standard to a well of a 96-well white polystyrene
plate, mixed with 100 pL of 1X Tris—EDTA buffer (10 mM
Tris—HCI, 1 mM EDTA, pH 7.5) and 71.3 pL of 1X Quant-
iT™ PicoGreen® reagent, all reagents from Quant-iT™
PicoGreen® dsDNA Assay Kit (Life Technologies, Scot-
land), and incubated for 10 min at RT. Fluorescence was
read at 480 nm (excitation) and 520 (emission) in the micro-
plate reader. For the 3D culture, cells were immunostained
for the ki67 marker to infer about the proliferative state of
the cells. Briefly, the structures were fixed with 400 ul of
buffered formalin (Thermo Scientific, USA), incubated with
1% v/v of cold Triton-X 100 (SIGMA, Portugal) for 20 min
at 4 °C for cell membrane permeabilization, followed by
incubation with 2.5% v/v of horse serum (VECTASTAIN
Elite ABC Kit, Vector Labs, USA) for 1 h at RT to block
nonspecific antigen binding, and then with the anti-Ki67 pri-
mary antibody (1:50, Abcam, United States) at 4 °C for 24 h.
Samples were thoroughly washed with PBS prior addition of
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the secondary antibody (1:500, Alexa Fluor 488 — Abcam,
United States) and DAPI (0.02 mg/mL, Biotium, USA over-
night at 4 °C and again prior analysis with a Leica TCS
SP8 confocal microscope (Leica, Germany). The number
of proliferative (Ki67 positive) and the total number (DAPI
stained nuclei) of cells was quantified by the software Image
J to determine the % of proliferative cells in the spongy-like
hydrogels.

Interleukin 8 (IL-8) quantification

The amount of IL-8 present in the supernatant of the 1, 3
and 7 day cultures after the first irradiation was quantified
using the IL-8 Human ELISA kit (MyBioSource, Califor-
nia, USA), according to the manufacturer's instructions.
High affinity microplates with monoclonal anti-cytokine
were used in the experiment. A series of double dilution
standard solutions was prepared according to the manufac-
turer's instructions. Both supernatants and standard solu-
tions (made with recombinant cytokines at a concentration
range between 15.6 pg/mL and 1000 pg/mL) were added to
the well plates which were then maintained at RT for 2 h.
A biotin-conjugated anti-human IL8 antibody was added
to well-plates and then let to incubate on a microplate
shaker at 400 rpm at RT for 2 h. Unbound biotin conjugated
anti-human IL-8 antibody was removed after a wash step.
Streptavidin-HRP was added to the microplate and let to
incubate on a microplate shaker set at 400 rpm at RT for
1 h. After unbound Streptavidin-HRP removal during a wash
step, a TMB substrate solution was added to the well-plates
and incubated at RT for 10 min. The color change was meas-
ured using a spectrometer and the antigen concentration was
determined by comparison to a standard curve. The sam-
ple values were obtained from an adjusted standard curve
obtained at two 450 nm (excitation) and 620 nm (emission).
The results were expressed in percentage (%) to control (no
irradiation) for normalization.

Oxidative stress measurement

The oxidative stress was evaluated using the OxiSelect
in vitro ROS/RNS assay (Cell Biolabs, USA), and the
medium supernatant samples collected 1, 3 and 7 days after
the first irradiation. This kit uses a 2°,7’- dichlorodihydro
fluorescein diacetate (DCFH) based probe. DCFHA reacts
with the reactive oxygen species (ROS) generating fluores-
cence. Briefly, supernatants and hydrogen peroxide standard
were added to wells of a 96-well plate. Subsequently, the
catalyst was added to each well and then incubated 5 min
at RT. DCFH solution was added to each well and further
incubated at RT for 15-45 min. The samples values were
obtained from an adjusted standard curve for two wave-
lengths, 480 nm (excitation) and 530 nm (emission). The
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results were expressed in percentage (%) to control (no irra-
diation) for normalization.

Statistical analysis

Data are expressed as mean and standard deviation, and
through descriptive methods, such as graphs and tables. Nor-
mality was evaluated with Shapiro Wilk test, and the com-
parison among groups was performed by variance analysis
using the Two way-ANOVA test or One-way ANOVA test
followed by Tukey post-test. Significant differences were
set to *p <0.05, and results are presented as mean + stand-
ard deviation (S.D.). The analysis was performed using the
software GraphPad Prism® 7.0 (San Diego, CA, USA).
Data results from at least 3 independent experiments using
triplicates.

Results

The results involving the action of PBM in different cell
cultures, as well as the mod-ulation mechanisms of ROS and
interleukins are presented in the sections below.

Effect of PBM on hASCs metabolic activity
and viability

The effect of PBM on the viability of hASCs cultured under
2D standard conditions was evaluated by measuring their
mitochondrial activity (Fig. 3A). Cell metabolic activity was
not negatively affected by PBM, since mitochondrial activity
was maintained similar or above the control. In fact, a sig-
nificant increase of metabolic activity was evidenced after
1 and 3 doses of irradiation with a laser of 2 J, in relation to
the control and a laser of 6 J.

The effect of PBM on the viability of hASCs cultured
within 3D biofunctionalized GG spongy-like hydrogels was
evaluated by an overall assessment of the live/dead cells
(Fig. 3B). The majority of cells were viable at all time-
points, independently of the experimental groups, again
confirming that PBM does not harm cells under the proposed
culture conditions (Fig. 3B).

Effect of PBM in the proliferation of hASCs

The effect of PBM on the proliferation of hASCs in the 2D
standard conditions was evaluated by DNA quantification
(Fig. 4A). Although no differences were observed among the
groups after 1 dose of irradiation, all groups that received
PBM irradiation showed significantly higher DNA amount
after 3 doses of irradiation than the control group (2D-1 J:
126.31%; 2D-2 J: 124.32%; 2D-6 J: 123.93%, p <0.05).
After 6 doses of irradiation, only cells irradiated with 1 J and

2 J showed significantly high-er DNA content than the con-
trol group (2D-11J: 129.89% +19.5; 2D-2 J: 123.5% +20.1,
p<0.05).

Regarding the hASCs cultured in the 3D GG spongy-
like hydrogels (Fig. 4B), immediately after the first irra-
diation, the amount of proliferative Ki67 positive cells was
significantly higher in hASCs-laden spongy-like hydro-
gels irradiated with 6 J in relation to the control (3D-6 J:
168.62% +64.2, p <0.05). After 6 doses of irradiation, all
groups showed a significant increase of proliferative cells,
in relation to the control (3D-1 J: 158.27%+37.2, 3D-2 I:
172.97% +13.8, 3D-6 J: 146.78% + 14.2, p < 0.05).

Effect of PBM on the production of reactive oxygen
species

In 2D standard conditions, no significant differences were
detected for the levels of reactive oxygen species after 1
dose of irradiation, independently of the energy of irradia-
tion (Fig. 5SA). However, after 3 and 7 doses of irradiation,
cells irradiated with 6 J presented a significant higher release
of ROS than the control (2D-6 J—3 doses: 126.15% + 19,
7 doses: 125.86% +25.5, p <0.05) (Fig. 5A). This result
was confirmed for cells cultured in the spongy-like hydro-
gels after 3 and 7 doses of irradiation of 6 J (3 doses:
119.13% +17.3, 7 doses: 130.9% + 8.6, p <0.05) (Fig. 5B).
Moreover, hASCs-laden hydrogels irradiated with 2 J
showed significant higher ROS levels after 3 and 7 doses
of irradiation (3 doses: 123.2% + 8.4, p<0.05, 7 doses:
140.1% + 6.9, p<0.01) (Fig. 5B).

Effect of PBM on the production of IL-8

The effect of PBM on the release of IL-8 by hASCs was
quantified by ELISA (Fig. 6). No significant differences were
detected between the irradiated and control groups during
all the experimental period for cells cultured in standard
2D culture conditions (Fig. 6A). However, when cells were
cultured in the GG spongy-like hydrogels, the production
of IL-8 was significantly diminished after 3 doses of 1 J of
irradiation (46.61% +4.5, p <0.05) and after 7 doses of any
irradiation, in relation to the control (3D-11J: 57.67% +9.4,
3D-2 J: 55.74% + 14.9, 3D-6 J: 60.69% +4.5, p <0.05)
(Fig. 6B).

Discussion

PBM therapy is becoming increasingly interesting for the
TERM field owed to its ability to improve MSC prolifera-
tion without altering stem cells potential [9, 10]. The "thera-
peutic window" that can biostimulate MSCs is known to
be between 600 and 700 nm [8, 22], but the adequate PBM

@ Springer
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Fig.3 Metabolic activity and viability of hASCs after PBM. A Meta-
bolic activity of hASCs cultured in 2D standard conditions after irra-
diation with a laser of 1 J, 2 J and 6 J, in relation to the non-irradiated
control (control). Data are presented as percentage (%) of 2D-0 J
at day 1 for normalization and analysis of the evolution of the cul-
tures. B Representative confocal microscopy images of live calcein
(green) and dead propidium iodide (red) stained cells within the GG

protocols remain controversial in the literature [23]. Moreo-
ver, studies are performed in 2D culture conditions that fail
to represent the in vivo environment. Thus, in this work,
we aimed to explore PBM's efficacy and mode of action in
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7 doses

spongy-like hydrogels after irradiation with a laser of 1 J,2J and 6 J,
at different culture timepoints (please check supplementary data for
red and green images in separate). Two-way ANOVA Tukey Multi-
ple Comparison Post-Test was used to analyze cell proliferation. Dif-
ferences between the groups at each time-point are represented by
* (*p<0.05, **p<0.01). Data results from at least 3 independent
experiments using triplicates

hASCs cultured in 3D spongy-like hydrogels in comparison
to 2D standard conditions.

The search for 3D biological models has been widely inves-
tigated in the literature, in the attempt of reducing the use of
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Fig.4 Proliferation of hASCs after PBM. A Proliferation of hASCs
in 2D standard culture conditions in the absence (control) and after
irradiation with a laser of 1 J, 2 J and 6 J, determined by DNA quan-
tification. B Proliferative Ki67 positive hASCs (green) in spongy-like
hydrogels in the absence (3D-0 J) and after irradiation with a laser
of 1J,27J and 6 J, quantified from confocal microscopy images. Cell
nuclei were stained with DAPI (blue). Quantitative data are presented

animals. Hydrogels, owed to their similarities to the micro-
structure and water content of the ECM, have been posed as
excellent candidates. However, traditional hydrogels often fail
to provide satisfactory cell adhesion sites and a sufficiently open
structure to support cell migration [14]. Herein, we explored
spongy-like hydrogels as 3D culture models, not only due to its
ability to promote intrinsic cell adhesion and growth [20, 21],
but also due to the simple and friendly cell entrapment within
the precursor off-the-shelf dried polymeric structures. Moreo-
ver, spongy-like hydrogels also presented high water content,
characteristic of the hydrated microenvironment of the tissues
and mechanical properties in the range of soft tissues.

The effect of PBM on hASCs was different when cells were
cultured in 2D and 3D conditions. None of the PBM energies
negatively affected cell metabolic activity in 2D cultures and
cell viability in 3D cultures. In fact, cell metabolic activity
was increased in 2D conditions at certain doses and energies

2504 *
Il 3D - control

2 _ 200 = 3D-1J
=
o9 = 3D-2J
@ £ 150
= S 1 3D-6J
8 ‘%5 1004
o 50

04

1 dose 3 doses 7 doses

as percentage (%) of control (control) at day 1 for normalization and
analysis of the evolution of the cultures. Two-way ANOVA Tukey
Multiple Comparison Post-Test was used to analyze cell proliferation.
Differences between the groups at each time-point are represented by
* (*p<0.05). Data results from at least 3 independent experiments
using triplicates

of irradiation. Moreover, PBM positively affected cell prolif-
eration in 2D and the percentage of proliferative cells in 3D
conditions. It was noteworthy that the cumulative 7 doses of
PBM promoted cell proliferation in 2D, independently of the
energy. This is in agreement with our [8] and others [9, 10,
24] previous findings showing that the application of PBM
with red laser on hASCs cultured in 2D promotes cell growth,
although at a different level depending on the used energy and
time of exposure. Interestingly, in 3D, a significantly higher
percentage of proliferative cells was detected since the first
stimulation and with higher energy (6J) or after cumulative
doses with lower energies (1J). To our knowledge, this was
the first study that evaluated the PBM effect on MSCs prolif-
eration in 3D cultures [25, 26]. Others explored the effect of
PBM (red laser with 1 J of energy) on human dental pulp stem
cells (hDPSCs) cultured in 3D cultures (agarose 3-D model)
[27], but did not study PBM action on cell proliferation.
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Fig.5 Production of reactive oxygen species (ROS) after PBM. A
Production of ROS by hASCs cultured in 2D standard culture condi-
tions in the absence (control) and after irradiation with a laser of 1 J,
2 J and 6 J. B Production of ROS by hASCs cultured in spongy-like
hydrogels in the absence (control) and after irradiation with a laser of
1J,21J and 6 J. Quantitative data are presented as percentage (%) of
control (control) at day 1 for normalization and analysis of the evolu-
tion of the cultures. Two-way ANOVA Tukey Multiple Comparison
Post-Test was used to analyze cell proliferation. Differences between
the groups at each time-point are represented by * (*p<0.05,
**p <0.01). Data results from at least 3 independent experiments
using triplicates

There are several theories that seek to explain the PBM
mechanism in the cell [23, 28]. Freitas e Hamblin (2017)
[29] highlighted that the absorption of light by mitochon-
drial cytochrome c oxidase leads to an increase in mitochon-
drial membrane potential and to a short burst of ROS. This
is confirmed by our and others [25, 26] studies since hASCs
cultured in 2D showed an increase of ROS production 3 and
7 days post-irradiation, significantly higher when cells were
irradiated with a higher laser energy (6 J). This effect was
also detected in 3D cultures even with lower energies (2 J).

It is also known that MSCs play an active role in immu-
nomodulation [30]. Previous studies have shown that PBM
modulates the secretion of anti and pro inflammatory
cytokines [29, 31]. The release of IL-8, a potent chemoat-
tractant of neutrophils [32], was not affected in 2D cultures,
but was significantly reduced in 3D 3 and 7 days post-irra-
diation. A reduction of IL-8 mRNA levels was likewise
detected in human periodontal ligament cells and human
gingival fibroblasts co-stimulated with LPS and a laser with
660 nm and 8 J/cm?* and 940 nm and 1.97 J/cm?, respectively,
in comparison to cells non-stimulated with LPS [33, 34].
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Fig.6 Production of IL-8 after PBM. A Production of IL-8 by
hASCs cultured in 2D standard culture conditions in the absence
(control) and after irradiation with a laser of 1 J, 2 J and 6 J. B Pro-
duction of IL-8 by hASCs cultured in spongy-like hydrogels in the
absence (control) and after irradiation with a laser of 1 J, 2 J and 6 J.
Quantitative data are presented as percentage (%) of control (control)
at day 1 for normalization and analysis of the evolution of the cul-
tures. Two-way ANOVA Tukey Multiple Comparison Post-Test was
used to analyze cell proliferation. Differences between the groups at
each time-point are represented by * (¥*p <0.05). Data results from at
least 3 independent experiments using triplicates

This response was also attained in a 3D skin analogue irradi-
ated with a laser with 660 nm and 4 J/cm? [35]. Although the
secretion of other cytokines should be determined in order to
understand the overall inflammatory status, these data indi-
cate that PBM may trigger an anti-inflammatory profile on
hASC:s cultured in the spongy-like hydrogels.

All these data clearly demonstrated the differences of
2D and 3D culturing. These differences can be explained
by innumerous factors that cannot be dissociated between
them [36]. In contrast to 2D where cells present a stretched
shape when cultured in flat surfaces, in 3D, cells present
a natural shape morphology similar to the one observed
in vivo. The mechanobiology also varies since the stiffness
of the hydrogels is much softer than the rigid surface of
2D plates. Cell—-cell communication is also limited to one
plan in 2D, whereas in 3D, cells are able to connect with
other cells in different plans. Moreover, it is important to
state that cells in the core of biomaterials are generally in
a hypoxic state, similar to in vivo tissues. Thus, the com-
bination of these factors ultimately influence the response
and signaling of cells in the two dissimilar 2D and 3D
environments.
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Conclusion

Photobiomodulation affected hASCs behavior both in 2D
and 3D culture conditions, although at a different level
depending on the number of doses and the level of energy
used. The irradiation did not negatively affect cells meta-
bolic activity in 2D nor cell viability in 3D. In fact, cell
metabolic activity was significantly improved with irradia-
tion in 2D. While a single irradiation dose was sufficient
to trigger hASCs proliferation in 3D culture conditions,
multiple doses were needed to trigger this effect in 2D cul-
tures. In respect to ROS production, more than 1 dose was
needed to promote ROS secretion both in 2D and 3D culture
conditions. Nonetheless, cells in 3D cultures were sensible
to lower energies (2 J) in contrast to cells in 2D that only
responded to high energies (6 J). The release of IL-8 was
also distinctly affected, as cells in 3D showed a significant
reduction of IL-8 release after 3 and 7 doses of irradiation,
whereas no significant differences were detected in 2D. Alto-
gether, these results indicate that hASCs present a faster and
dissimilar response to PBM in a 3D environment than in 2D
cultures. Moreover, 3D cell cultures seem to be an effective
alternative to understand the cell mechanisms activated by
PBM, due to its closer similarity to the native tissues.
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