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Abstract

The aim of this study was to assess the effects of IL-6 and IL-8 cytokines on human gingival fibroblasts (HGF) cultured in a 3-D
model and the possible photobiomodulation (PBM) of such effects by low-level laser therapy. In complete culture medium
(DMEM), HGF from a healthy patient were seeded in a type I collagen matrix inserted into 24-well plates. After 5 days of
incubation, the cytokines were added or not to serum-free DMEM, which was applied to the cell-enriched matrices. Then, PBM
was performed: three consecutive irradiations using LaserTable diode device (780 nm, 0.025 W) at 0.5 J/cm? were delivered or
not to the cells. Twenty-four hours after the last irradiation, cell viability and morphology, gene expression, and synthesis of
inflammatory cytokines and growth factors were assessed. The histological evaluation demonstrated that, for all groups, matrices
presented homogeneous distribution of cells with elongated morphology. However, numerous cytokine-exposed cells were
rounded. IL-6 and IL-8 decreased cell viability, synthesis of VEGF, and gene expression of collagen type I. PBM enhanced cell
density in the matrices and stimulated VEGF expression, even after IL-6 challenge. Reduced TNF-« synthesis occurred in those
cells subjected to PBM. In conclusion, PBM can penetrate collagen matrix and stimulate HGF, highlighting the relevance of this
research model for further phototherapy studies and in vitro biomodulation of the healing process.
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Introduction

Oral mucositis (OM) is the most common adverse effect of
oncological treatments and is characterized by painful ulcera-
tive and erosive lesions of the oral mucosa. This pathology
affects approximately 70% of patients undergoing chemother-
apy and/or radiotherapy and severely interferes with the qual-
ity of life of such patients [1, 2]. Proinflammatory cytokines,
such as interleukins (IL)-10, IL-6, IL-8, and tumor necrosis
factor alpha (TNF-x), play an important role in the occurrence
of OM lesions [3—5]. The presence of high concentrations of
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these cytokines in the oral environment is related to the greater
severity of ulcerative lesions and delayed tissue healing [6].
This is because such cytokines at high concentrations decrease
the proliferation and migration of oral mucosal cells [7-10].

Taking these facts into consideration, one may conclude that
the modulation of local tissue inflammation reduces the local
concentration of inflammatory cytokines, improving oral muco-
sal healing [7, 9]. It has been shown that photobiomodulation
(PBM) by low-level laser therapy regulates the expression and
synthesis of inflammatory cytokines and growth factors, which
have positive effects on cellular pathways such as proliferation,
migration, and extracellular matrix synthesis [11, 12], favoring
the healing of oral mucosal lesions [12—15].

The cellular and molecular effects of PBM have been wide-
ly assessed, and most of the data currently available are sup-
ported mainly by laboratory studies performed in monolayer
cell-culture models [11-15]. Since cells cultured in a mono-
layer exhibit morphological, phenotypical, and functional lim-
itations, it seems that the results obtained in this model do not
fully duplicate PBM effects and may not even take its effects
for granted [16, 17]. To overcome these limitations, while
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maintaining the benefits of in vitro studies, such as a con-
trolled and standardized environment, three-dimensional (3-
D) cell culture models were developed. The 3-D cell culture is
a suitable research model, since it maintains the morphology
and phenotypes of cells similar to those observed for in vivo
conditions [16-21]. Thus, we may consider that 3-D cell cul-
ture in collagen matrices is adequate to mimic cellular connec-
tive tissue, and this laboratory model has been used to culture
gingival fibroblasts [17]. In addition, the 3-D culture model
has been used specifically for PBM studies, in which different
parameters of light irradiation are delivered to oral mucosal
cells [16, 17].

The aim of the present study was to assess the effects of IL-
6 and IL-8 cytokines on human gingival fibroblasts (HGF) in
a 3-D collagen culture model and the possible PBM of cyto-
kines’ negative effects by the application of specific low-level
laser therapy. The study hypothesis is that PBM is able to
adequately penetrate the 3-D cell culture model and stimulate
HGF, minimizing inflammatory cytokines’ negative effects on
these cells and improving tissue repair-related functions.

Materials and methods
Gingival fibroblast isolation

This investigation was developed with the use of primary cell
culture of HGF [17]. To achieve this cell culture, a tissue
fragment was collected from the gingival papilla of a young
male patient subjected to a third molar extraction procedure, in
accordance with a protocol previously approved by the Ethics
Committee (CAAE: 74823317.0.0000.5416) and to published
literature [10, 12, 16, 17, 22]. Following collection, gingival
tissue was placed in complete culture medium DMEM
(Dulbecco’s modified Eagle medium, Gibco, Carlsbad, CA,
USA) containing 1% of antibiotic and antimycotic solution
(Gibco Antibiotic-Antimycotic — 10,000 units/mL of penicil-
lin, 10,000 pg/mL of streptomycin, and 25 pg/mL of Gibco
Amphotericin B; Gibco, Carlsbad, CA, USA), without fetal
bovine serum (FBS — Gibco, Carlsbad, CA, USA). Then, the
tissue fragment was physically dissociated by means of a scal-
pel and then subjected to enzymatic dissociation with collage-
nase type 1 (Worthington Biochemical Corporation,
Lakewood, NJ, USA), 3 mg/mL concentration, in serum-
free DMEM at 37 °C and 5% CO,. After 24 h, cells were
collected, centrifuged, and transferred to a new cell culture
flask (75 cm? — Corning, New York, NY, USA) containing
complete DMEM + 10% FBS.

3-D cell culture of gingival fibroblasts

A three-dimensional cell culture model was obtained from
HGF seeded in a collagen type I matrix (BD Collagen Type
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I, BD Biosciences, Franklin Lakes, NJ, USA), simulating the
exposure of the oral connective tissue [17]. For this purpose,
an acellular collagen matrix was prepared by collagen type I
mixed to a final concentration of 0.77 mg/mL in DMEM +
10% FBS. A 250-pL quantity of this solution was applied in
wells of 24-well plates (TPP — Techno Plastic Products,
Trasadingen, SH, Switzerland) and incubated at room temper-
ature for 30 min to allow collagen to stabilize. Then, a new
collagen solution was obtained by type I collagen (BD
Collagen Type I, BD Biosciences, Franklin Lakes, NJ, USA)
mixed at 0.77 mg/mL final concentration in DMEM + 10%
FBS and HGF (2 x 10° cells/mL). For each sample, 1 mL of
this solution was applied at the top of the first matrix, and
samples were maintained for 1 h at room temperature, follow-
ed by 1-h incubation at 37 °C and 5% CO,.

After preparation of the matrices, 1 mL of DMEM + 10%
FBS was added to each sample and incubated for an additional
5 days. The culture medium was replaced every 48 h. The
experiment was conducted using two 24-well plates: one plate
was not submitted to irradiation and the other plate was irra-
diated. The experiment was performed on two different occa-
sions (duplicates) and at the end of the second occasion, each
experimental group presented 6 samples and four 24-well
plates were used.

Cytokine exposure

At4-day incubation, the 3-D cell culture was exposed or not to
interleukins IL-6 and IL-8 (Sigma-Aldrich, St. Louis, MO,
USA) at 10 ng/mL [10, 13] in serum-free DMEM for 24 h.

In vitro PBM

After the cells were exposed to the interleukins, the 3-D cell
cultures were irradiated by means of a laser diode device
(LaserTable, 780 nm, 0.025 W) [33] with specific irradiation
parameters [34] (Table 1) as described in previous studies
[12—17,22]. This investigation was carried out using a specif-
ic laser diode prototype (LaserTable) for cell irradiation. This
device was developed and standardized to provide uniform
irradiation of a 24-well cell culture plate. To provide this uni-
formity, considering the characteristics of a laser beam, a pair
of lenses was inserted, and plate support is fixed at a 2.5-cm
distance of the diode. LaserTable features 12 laser diodes that
are activated simultaneously enabling standardization for par-
allel infrared cell irradiation. The 12 diodes are positioned in a
way that each well of the cell culture plate is individually
irradiated (2 cm?), in this 2.5-cm distance [33].

The energy dose used in this study was 0.5 J/cm® (40 s of
irradiation time, 0.025 W emitted power, and 2 cm? target
area). The cells were irradiated three consecutive times with
24-h intervals [13, 14, 17]. Twenty-four hours after the last
irradiation, cells were assessed for their viability (alamarBlue
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Table 1 Parameters for in vitro
PBM according to Jenkins and
Carroll [34]

Device information

Manufacturer

Model identifier
Number of emitters

Emitter type

Spatial distribution of emitters

Beam delivery system
Irradiation parameters
Center wavelength (nm)
Spectral bandwidth
Operating mode
Frequency
Pulse on duration
Pulse of duration or duty cycle
Energy per pulse
Peak radiant power
Average radiant power
Beam profile
Treatment parameters
Beam spot size at target
Irradiance at target
Exposure duration
Radiant exposure
Radiant energy
Number of points irradiated
Area irradiated
Application technique

Number and frequency of treatment

sessions
Total radiant energy

Optics Group of the Optics and Photonics Research Center,
Physics Institute of Sao Carlos, Sao Paulo University (USP),
Brazil

LaserTable

12 units of laser diode DL-7140-201S (SANYO Electric Co.,
Ltd., Osaka, Japan)

InGaAsP laser

12 emitters aligned in groups of four in-line diodes; thus, three
groups mounted in order to irradiate 12 wells of a cell culture
plate

Fiberoptic

780 nm

780 nm+5 nm
Continuous wave
102 Hz to 10" Hz
40 s

40 s

0517

0.07 W

0.025 W

Gaussian

0.0002 m*

125 W/m®

40 s

2500 J/m?

0517

1

0.0002 m? (area of each well of a 24-well cell culture plate)
0.025-m distance between the laser diode and well bottom

1 irradiation per day, over 3 days

151

assay — Invitrogen, Carlsbad, CA, USA); gene expression of
collagen type I and VEGF (real-time PCR); synthesis of
VEGF, TNF-«, and IL-13 (ELISA); and the morphology of
matrix and cells (light microscopy).

In control groups, 3-D cell cultures were established as
reported for the experimental groups but were not exposed
to laser irradiation.

Cell viability

Viability of the cells exposed or not to interleukins and PBM
was evaluated by the alamarBlue assay (Invitrogen, Carlsbad,
CA, USA) [17]. This test demonstrated the respiratory activity
of cultured cells by the production of a fluorescent dye accord-
ing to the respiratory activity rates of these cells. After PBM, a
free-serum culture medium containing 10% of the alamarBlue

was added to the samples and incubated for 4 h at 37 °C and
5% of CO,. Then, cell viability was determined by the evalu-
ation of fluorescence intensity (Synergy H1 microplate reader,
BioTek Instruments, Winooski, VT, USA; excitation of
530 nm and emission of 590 nm).

Gene expression of collagen type | and VEGF

Gene expression of collagen type I and VEGF was performed
by real-time PCR [17]. Total RNA was isolated by filtration
with the use of the RNAqueous Kit (Ambion by Life
Technologies, Carlsbad, CA, USA). cDNA of each sample
was obtained by means of a High Capacity cDNA Reverse
Transcriptions Kit (Applied Biosystems by Thermo Fisher
Scientific, Foster City, CA, USA) and a thermocycler
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(iCycler, Bio-Rad Laboratories, Hercules, CA, USA), accord-
ing to the manufacturer’s instructions.

For the qPCR reaction, TagMan Universal PCR Master
Mix and TagMan assays (Applied Biosystems by Thermo
Fisher Scientific, Foster City, CA, USA) were used.
Reactions were realized by StepOnePlus equipment
(Applied Biosystems by Thermo Fisher Scientific, Foster
City, CA, USA) and analyzed in StepOne Software 2.1
(Applied Biosystems by Thermo Fisher Scientific, Foster
City, CA, USA), by the standard curve method, with BActin
as the endogen control.

Synthesis of VEGF, TNF-a, and IL-13

Synthesis of soluble VEGF, TNF-«, and IL-1/3 was performed
by ELISA assay [12, 13], with standardized kits (R&D
Systems, Minneapolis, MN, USA). Plates were prepared by
incubation with specific primary antibodies overnight, follow-
ed by the addition of the culture medium that was collected
from each sample. Then, samples were treated with secondary
antibodies and streptavidin (R&D Systems, Minneapolis,
MN, USA). Results were analyzed by spectrophotometry at
455 nm (Synergy H1 microplate reader, BioTek Instruments,
Winooski, VT, USA).

Matrix and cell morphology

Morphology of the 3-D cell culture model was evaluated by
an optical microscope (Olympus BXS51, Olympus America
Inc., Center Valley, PA, USA). For this purpose, the samples
were fixed in 10% formalin and processed according to a
standard histological protocol [17]. Then, the sections were
stained by hematoxylin and eosin (H&E, Merck Millipore,
Burlington, MA, USA) and analyzed at x 100 and x 200 mag-
nification. The photomicrographs obtained were analyzed by
ImagelJ software (Wayne Rasband, National Institute of
Mental Health, NIH, Bethesda, MD, USA).

Statistical analysis

Data for cell viability, gene expression, and protein synthesis
did not show normal distribution (Shapiro-Wilk); therefore,
non-parametric statistical Kruskal-Wallis and Mann-Whitney
tests were selected for analysis of these data. All statistical
inferences were performed at a 5% significance level.

Results

The viability of HGF exposed to IL-8 decreased 20% compared
with the control group (p < 0.05); however, the group exposed to
IL-8 and PBM showed an increase of 10% compared with the
group exposed only to IL-8, but this result was not statistically
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Fig. 1 Viability of human gingival fibroblasts (HGF) seeded onto a 3-D cell
culture model and exposed or not to IL-6/IL-8 and L (low-level laser therapy
— PBM, 0.5 Jlem?). Boxplots indicate median values as 25% and the 95th
percentile. Groups identified by different letters show a statistically significant
difference (Kruskal-Wallis and Mann-Whitney, p < 0.05)

significant. The viability of this primary cell culture subjected to
PBM was similar to the control group (Fig. 1).

VEGF synthesis decreased by 25% by both interleukins
compared with the control group (p <0.05), and this result
was also observed when the interleukin-treated cells were
subjected to PBM (p <0.05). PBM alone increased 10%
VEGF synthesis compared with the control group, but this
result was not statistically significant (Fig. 2).

IL-6 enhanced 10% TNF-« synthesis compared with the
control group, but this increase was not statistically signifi-
cant. PBM alone decreased 30% TNF-« synthesis (p <0.05)
and when cells were submitted to PBM associated with IL-6
and IL-8 treatment, it was observed respectively, TNF-o syn-
thesis similar to the control group and a decreased of 18%
compared with the control group (p <0.05). IL-173 synthesis
was similar for all experimental groups (Fig. 3).

Gene expression of collagen type I was 20% diminished in
those cells treated with IL-8 compared with the control group,
PBM promoted 15% increase on collagen type I expression
compared with the control group, but these results were sta-
tistically similar. VEGF gene expression was significantly
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Fig. 2 VEGF synthesis by human gingival fibroblasts (HGF) seeded onto a
3-D cell culture model and exposed or not to IL-6/IL-8 and L (low-level laser
therapy — PBM, 0.5 J/cm?). Boxplots indicate median values as 25% and the
95th percentile. Groups identified by different letters show a statistically sig-
nificant difference (Kruskal-Wallis and Mann-Whitney, p < 0.05)
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Fig. 3 Synthesis of TNF-« and IL-13 by human gingival fibroblasts
(HGF) seeded onto a 3-D cell culture model and exposed or not to IL-
6/IL-8 and L (low-level laser therapy — PBM, 0.5 J/cm?). Boxplots

stimulated in PBM groups exposed or not to IL-6 compared
with the control group: PBM alone enhanced 10% VEGF
expression (p < 0.05) and, in the presence of IL-6, an increase
of 40% was observed (p < 0.05) (Fig. 4).

The microscopic assessment of the 3-D cell-culture mor-
phology showed no significant differences among the distinct
groups (Fig. 5). For all groups, HGF with elongated morphol-
ogy were homogeneously distributed within the matrices.
However, numerous rounded cells were observed in those
groups in which HGF were exposed to the cytokines.
Apparently, a high cell density occurred when the 3-D culture
model was subjected solely to PBM.

Discussion

During the initial phase of tissue healing, an acute inflamma-
tory reaction takes place. This local inflammation is responsi-
ble for mesenchymal cell and leukocyte migration as well as
for the expression of inflammatory cytokines and other
chemo-attractive and mitogenic molecules that mediate the
progression of tissue healing [8, 9]. However, the persistent
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Fig. 4 Gene expression of hCOL-I and hVEGF by human gingival fibro-
blasts (HGF) seeded onto a 3-D cell culture model and exposed or not to
IL-6/IL-8 and L (low-level laser therapy — PBM, 0.5 J/cm?). Boxplots
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indicate median values as 25% and the 95th percentile. Groups identified
by different letters show a statistically significant difference (Kruskal-
Wallis and Mann-Whitney, p <0.05)

presence of high concentrations of these cytokines interferes
with the healing process, caused by decreased mitogenic ca-
pacity and increased local oxidative stress that enhance the
local synthesis and activity of matrix metalloproteinases
(MMPs), capable of disorganizing collagenous extracellular
matrix [6, 7, 23-26]. TNF-«, IL-6, IL-8, and IL-1 are proin-
flammatory cytokines related to the development of OM,
characterized as ulcerative lesions, in patients receiving cancer
treatment [24, 25]. The synthesis of these mediators is mod-
erated by the NF-kB pathway, which is also associated with
cell viability, proliferation, migration, and survival [27, 28].
Despite the relevant knowledge currently available in this spe-
cific research field, the direct influence of inflammatory cyto-
kines on oral mucosal cells and the effects of PBM by low-
level laser therapy on such cells have not yet been fully
elucidated.

Nevertheless, the positive effects of PBM have been shown
by several in vitro studies in which monolayer cell cultures
were used [11-15, 22] and the data obtained in those investi-
gations may not fully represent the light interaction with cells
and proteins [30, 31]. The feasibility of using a type I collagen
matrix to establish a 3-D culture model has been shown [17].
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indicate median values as 25% and the 95th percentile. Groups identified
by different letters show a statistically significant difference (Kruskal-
Wallis and Mann-Whitney, p < 0.05)
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Fig. 5 Photomicrographs of samples exposed or not to IL-6/IL-8 and
LLLT (low-level laser therapy — PBM, 0.5 J/cm?). Samples were stained
with hematoxylin and eosin (H/E) and obtained by optical microscopy at

Thus, this research model may help investigators elucidate, in
in vitro conditions, some mechanisms involving interactions
of laser-irradiated cells under inflammatory stimuli. 3-D cell
culture models provide more representative data and may
show diverse cell responses when compared with two-
dimensional cell-culture models [16, 17]. Based on this fact,
in the present study, we used a 3-D model for HGF culture in
type 1 collagen, which is the main component of the oral
mucosa extracellular matrix [29].

In general, the 3-D culture model developed for this inves-
tigation and assessed under light microscopy exhibited homo-
geneous distribution of spindle-shaped HGF within a well-
organized collagen matrix. This model provided a more suit-
able environment for cell elongation and phenotypic expres-
sion. However, HGF exposed to cytokines presented rounded
morphology, demonstrating that our experimental model
allowed cytokines to stimulate cells, modifying their morphol-
ogy (shape) and functions (phenotype), like promoting en-
hanced TNF-« synthesis and decreasing collagen type I gene
expression and cells viability, as observed in other studies [13,
15, 32]. The differences on cell morphology among the exper-
imental groups were related to cytokines treatment or not,
once the groups not submitted to cytokine exposure showed
elongated morphology, similar to HGF morphology observed
in previously investigation [17], which used the same 3-D
experimental model, but not submitted to inflammatory chal-
lenge. Furthermore, it was possible to observe the light inter-
action through the 3-D model and its possible PBM effects on
HGF submitted to proinflammatory cytokine challenge,
providing an interesting in vitro simulation of connec-
tive tissue exposure, mimicking an in vivo condition of
ulcerative lesions [30, 31].
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x200. Arrows indicate human gingival fibroblasts (HGF) distributed
within collagen matrix

For PBM, 0.5 J/cm? energy density was selected based on
previous studies which showed that this dose promoted in-
creasing cell metabolism, number, migration, and cytokines’
negative effect modulation, as well as enhancing gene expres-
sion of hCOL-I and hEGF [13, 14, 17]. Distinct cell responses
can be observed at different energy density levels: very low
energy densities may not provide considerable observable ef-
fects, while higher energy densities may result in cellular func-
tion inhibition [35]. However, there is no documentation of
the precise limit values of light intensity thresholds, but there
is evidence that the threshold parameters energy density and
intensity are biologically independent of each other. This in-
dependence is very important for understanding the photobi-
ological effects achieved at low energy density levels [35].
Our study demonstrated that 0.5 J/cm® promoted posi-
tive effects on HGF cultured on 3-D model, which were
described below.

Here, HGF showed decreased viability when exposed
to IL-8, as demonstrated in previous investigations [15,
32], which reported that this cytokine may negatively
affect local wound healing. IL-6 did not interfere signif-
icantly with cell viability, such as described in a prior
in vitro study, in which this cytokine affected cell migra-
tion with no impairment of cell proliferation [13]. PBM
enhanced HGF viability when the cells were exposed to
IL-8, confirming the biostimulation capacity of this ther-
apy in 3-D or monolayer in vitro models [15-17].

Proinflammatory cytokines may decrease the mitogen-
ic activity of oral mucosal cells, which can be exacerbat-
ed by the positive feedback of the local inflammatory
response, resulting in delayed oral healing [10, 12, 13,
32]. This event was also observed in the present
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investigation: HGF exposed to IL-6 had a positive feed-
back TNF-«, but this increase was statistically similar to
the control group TNF-« synthesis. PBM application was
capable of modulating this cell response, diminishing
TNF-« synthesis levels in the groups submitted or not
to cytokines stimuli, as previously demonstrated [12].

Besides the similar functions and responses of HGF
to IL-13 and TNF-«, it is important to focus on the fact
that these mediators are not chemically similar and have
specific receptors and pathways. These cytokines re-
spond as positive feedback during the inflammatory
phase of the wound healing process and contribute to
local oxidative stress [26]. In the present study, the
cells’ exposure to IL-6 or IL-8, followed by the appli-
cation or not of specific PBM, did not affect IL-153
synthesis—scientific data that corroborate with previous
laboratory studies [12, 26].

VEGF is a growth factor that is directly related to
neovascularization and plays a main role in the tissue
healing process by stimulating the proliferation and mi-
gration of several cell types [17]. We demonstrated that
HGF exposed to IL-6 and IL-8 with or without PBM
presented reduced synthesis of VEGF and when cells
were exposed solely to PBM, VEGF synthesis was sim-
ilar to the control group. The presence of cytokines did
not influence VEGF expression, as reported in other
investigation [13]. PBM alone or in the presence of
IL-6 enhanced VEGF gene expression, findings ob-
served in other studies [16, 22] that highlight the poten-
tial of this therapy for improving tissue healing.

Collagen synthesis is another crucial cell function
that plays a fundamental role in wound closure [13].
In the present study, gene expression of collagen type
I was negatively affected by IL-8, as previously demon-
strated [13]. Additionally, HGF exposed to PBM exhibit
enhanced gene expression of collagen type I, but this
result was statistically similar to the control group col-
lagen expression.

Analysis of these data demonstrates the relevance of
using a 3-D cell culture model to assess the PBM ef-
fects on cell phenotypes deeper into collagen-rich ma-
trix, promoting more suitable and reliable results.
Therefore, PBM on the selected parameters (0.5 J/cmz,
0.025 W, 780 nm) was capable of adequately penetrat-
ing the collagen matrix and positively stimulating HGF
wound healing—related functions and decreasing TNF-«
synthesis, even in the presence of inflammatory
challenge.
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