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Abstract

In this study, we present a review of the literature on the impact of photobiomodulation on osteoblast-like cell culture. Searches
were performed in the PubMed/MEDLINE (Medical Literature Analysis and Retrieval System Online), SCOPUS, and SPIE
digital library databases for original articles regarding the effects of LLLT on osteoblast-like cells in experimental models using
LLLT published in English from the last 20 years. The search identified 1439 studies. After the analysis of the abstracts, 1409
studies were excluded and 30 studies were then selected for the full-text analysis, 8 of which were excluded. Thus, 22 studies were
included for a critical evaluation of the impact of photobiomodulation on osteoblast-like cell culture. The cell lineages studied were
primary rat, primary human, saos-2, Osteo-1, MC3T3, MG63, and OFCOL II. Moreover, a wide variety of experimental models
were used to experimentally analyze the impact of photobiomodulation, the most common of which were alkaline phosphatase,
MTT, and cell count. This review suggests that osteoblastic-like cells are susceptible to photobiomodulation but that most of the
light parameters varied by different authors have little to no influence on proliferation but very high levels of irradiance have

demonstrated deleterious effects on proliferation, highlighting the bi-phasic effect of photobiomodulation.
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Introduction

Photobiomodulation involves irradiation of a cell culture and/
or tissue at a low irradiance (power over area) with the objec-
tive of triggering or enhancing a variety of interrelated mech-
anisms, which ultimately could result in faster resolution of
the inflammatory response, reduction in pain [1], and im-
proved tissue repair [2—8].

Osteoblasts are single nucleus cells that are not terminally
differentiated and whose primary function is to synthesize
bone matrix and mineralize bone tissue during its initial for-
mation and later remodeling [9, 10].

Osteoblasts are widely used to evaluate bone formation pro-
cess because they express bone proteins, besides having the
ability to form mineralized bone nodules in vitro. Furthermore,
similar to osteoblasts in vivo, cell culture pass through three
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distinct stages in its development: the proliferation, maturation,
and mineralization [11, 12].

Past studies have demonstrated that different osteoblast-
like cells react distinctively to light, depending upon several
radiometric parameters. Cell analysis included proliferation
[3, 5, 13—15], adhesion [4, 16], and the expression of many
products related to osteogenesis [6, 7, 17-22]. Moreover, there
are several light parameters that may be adjusted to obtain
different results, including irradiance, radiant power, radiant
energy, radiant exposure (energy over area), temporal irradia-
tion parameters, polarization, and wavelength. Nevertheless,
at present, the influence of these parameters on the impact of
photobiomodulation on various osteoblast-like cells remains
unclear. Each study has examined different parameters, and
even though instructions on how to report radiometric param-
eters have been published [4-8, 13—36], most authors misre-
port such information, which makes it impossible to reproduce
or analyze the results of some reports.

The photobiomodulation has demonstrated positive effects
on bone remodeling with regard to increased cell proliferation
[3, 5, 13—15] and increased cell differentiation evidenced by
increased expression of RunX2 and alkaline phosphatase also
in this lineage [6, 8, 14, 17, 19-23]. On the other hand, some
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authors present contradictory results in this sense as Coombe
etal. (2001) and Emes et al. (2013) that demonstrated that the
laser did not increase the proliferation or differentiation of
osteoblasts compared to the control group.

The mechanism of photobiomodulation to osteoblast-like
cells is still not fully understood but the literature emphasizes
the participation of cytochrome c oxidase (CCO), the terminal
enzyme in the mitochondrial respiratory chain, in the mecha-
nism of action of photobiomodulation. In recent years, it has
been demonstrated that the photons received by the cells
would act on the cytochrome C oxidase enzyme activity caus-
ing the increase in energy (ATP) produced. This hypothesis
has already been verified in different studies [37, 38]. Wang
et al. [37] submitted 11 healthy participants to the treatment
using 1064-nm laser and placebo on their right forearms and
the spectroscopic results showed that LLLT induced signifi-
cant increase in cytochrome c oxidase. Wang et al. [38] in
addition verified that the photobiomodulation in human
adipose-derived stem cells, treated with 810 and 980 nm la-
sers, probably occurred in different mechanisms of action and
they concluded that in case of 810 nm irradiation, the activa-
tion of CCO in mitochondria was responsible for the results
showed. The hypothesis proposed by them suggest that the
mechanism of action of 980 nm relies on the activation of heat
(or light)-gated ion channels and the activation of CCO in
mitochondria by 810 nm would be the accepted mechanism.

The correct choice of irradiation parameters such as irradi-
ance, radiant exposure, wavelength, power, frequency of treat-
ment, and pulse rate is crucial to ensure increased proliferation
but most authors do not described key parameters to ensure
the reproducibility and reliability of the findings.

The aim of this work was to perform a literature review
demonstrating the current applications of photobiomodulation
on osteoblast-like cells, the influence of different radiometric
parameters, and their effects on cell culture.

Methods

Searches were performed in the PubMed/MEDLINE
(Medical Literature Analysis and Retrieval System Online),
SCOPUS, and SPIE digital library databases for original arti-
cles regarding the effects of LLLT on osteoblast-like cells in
experimental models using LLLT published in English from
the last 20 years.

The Medical Subject Headings and SCOPUS were used to
find additional key words related to “lasers,” “laser therapy,”
“low-level laser therapy,” “low-intensity laser therapy,” “low-
level light therapy,” “low-intensity light therapy,” “light
therapy,” “phototherapy” or “photobiomodulation,” and
“osteoblast.” The bibliographies of all retrieved articles were
also examined to identify additional studies (Fig. 1). Two
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Fig. 1 Flow diagram of the selection procedure

reviewers then independently applied the predetermined eligi-
bility criteria to the full text of the studies retrieved.

The studies selected for analysis were included in the re-
view after meeting the following criteria:

(1) Aurticles published between April 1996 and April 2016.

(2) Studies involving osteoblast-like cells and

photobiomodulation.

(3) Studies that described or allowed the calculation of the
following radiometric parameters: wavelength, power,
beam spot size, power density, energy density, repetition
rate hertz (for pulsed/gated light), pulse duration or duty
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cycle, exposure duration, frequency of treatments, and
total radiant energy (joules).

Studies were excluded based on the following criteria:

(1) Case reports or review studies.

(2) Absence of or incomplete irradiation parameters.
(3) Absence of a control group.

(4) Not focused on osteoblast-like cell culture.

Results

The search identified 1439 potentially relevant studies.
Analysis of the abstracts excluded: 1374 works that were un-
related to osteoblast-like cell culture, 31 reviews and 4 dupli-
cations (same study in more than one database). Thirty studies
were then selected for the full-text analysis, one of which was
excluded because of the lack of description of irradiation pa-
rameters and seven for not focusing on osteoblast-like cells.
Thus, 22 studies were included for a critical evaluation of the
impact of photobiomodulation on osteoblast-like cell culture.

In this review, the most important parameter was the target
size, as this allowed calculation of the radiant exposure and

irradiance. Studies without this information or sufficient data
to allow its calculation were excluded.

Seven studies employed pulsed/gated wave and 18 contin-
uous wave (cw) radiation. Twenty-two used radiation in the
red region of the spectrum (620 nm < A <780 nm) and 12 in
the infrared region (A > 780 nm). Some studied more than one
light source.

The cell lineages studied were primary rat (n =35, Tables 1
and 2); primary human (n =4, Tables 3 and 4); Osteo-1 (n =1,
Tables 3 and 4); OFCOL II (n=1, Tables 3 and 4); Saos-2
(n =06, Tables 5 and 6); MC3T3 (n =5, Tables 7 and 8); MG63
(n=2, Tables 7 and 8); and the studies included in this review
used different irradiation parameters to modulate the cells.
Moreover, a wide variety of experimental models were used
to experimentally analyze the impact of photobiomodulation,
the most common of which were alkaline phosphatase (n=
14), MTT (n=11), and cell count (n=9).

The following tables summarize the primary results and
radiometric parameters of the studies included in this review.

Amongst the studies included in this review, there was
considerably heterogeneity in the irradiation parameters as
well as the methods used to evaluate the results and type of
osteoblast-like cell culture, which hinders comparison be-
tween studies. Besides the variation in the irradiation param-
eters, the lack of standardization on how to report radiometric

Table 1 Irradiation parameters used for primary rat cells
Author Medium A (nm) Temporal  Pulse Average Target Irradiance Exposure Radiant Radiant
regime rate (Hz)  radiant area (mW/cmz) (s) energy (J) exposure
power (mW) (cm?) (J/em?)
Ozawa 1998  «-MEM 15% FBS 830 cw - 500 785 64 600 300 3.82
Ueda 2003 «-MEM 15% FBS 830 cW - 500 7854 64 75 37.5 0.48
150 75 0.95
300 150 1.91
600 300 3.82
gate 1 250 32 150 375 0.48
300 75 0.95
600 150 191
1200 300 3.82
2 150 375 0.48
300 75 0.95
600 150 1.91
1200 300 3.82
8 150 375 0.48
300 75 0.95
600 150 1.91
1200 300 3.82
Xu 2009 DMEM 10% FBS 650 gate 6000 2 053 338 300 0.6 1.14
600 1.2 2.28
Cankaya 2011 DMEM 10% FBS 660 cW - - n/a 20 60 n/a 1.2
Emes 2013 DMEM 10% FBS 808 cw - 75 0.143 524 90 6.75 47
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Table 2  Results obtained for primary rat cells
Author Treatments  Proliferation Counting Adhesion BMP-4  Alkaline phosphatase Osteocalcin RUNX2
method
Ozawa 1998 1 (6 and 9 days)  Cont. n/a n/a 19,12, 15 and 18 days, Activ. n/a n/a
Ueda 2003 1 n/a Cont. n/a n/a n/a n/a n/a
16,9 and 12 days 112 and 15 days, Act.; TExp.
n/a n/a
16,9 and 12 days 19, 12 and 15 days, Act.; TExp.
n/a n/a
16,9 and 12 days 19, 12 and 15 days, Act.; TExp.
n/a n/a
16,9 and 12 days 112 and 15 days, Act.; TExp.
Xu 2009 1 1 3 days MTT n/a n/a 1 7 days Exp. n/a n/a
1 3 days MTT n/a n/a 1 7 days Exp. n/a n/a
Cankaya 2011 1 124 and 48 h MEV n/a n/a n/a n/a n/a
Emes 2013 2 196 h MTT n/a n/a n/a n/a n/a

parameters increases the complexity of any analysis of the
results. Most authors reported fewer parameters than would
be required to perform a deeper evaluation of their work and
even the terms used to describe the parameters were inaccu-
rate. In addition, several authors had miscalculated their pa-
rameters so, for the purposes of this review, each parameter
was carefully recalculated based on the standard size of well
plates and manufacturers’ parameters of the light source to
allow a more realistic comparison and understanding of
photobiomodulation.

Although different authors analyzed different outcomes, the
main outcome for the purposes of this review was cell prolif-
eration. Different methods were used to assess proliferation,

ranging from a simple count under the microscope [6, 7, 8, 9,
10], to bioconversion by intercellular dehydrogenase of the
tetrazolium compound into formazan, with values directly pro-
portional to the number of viable cells in the culture medium
[11, 12], and growth curves [13] and MTT [18].

In this section, the papers are divided according to
the type of cell culture, to better understand the effect
of photobiomodulation.

Culture of primary rat cells

The first studies using this cell culture date back to 1998, when
Ozawa et al. [5] studied the effects of a diode laser emitting at

Table 3  Irradiation parameters used for primary human cells, OSTEO-1 cells and OFCOLII cells
Author Medium A (nm) Temporal  Pulse Average Target Irradiance Exposure (s) Radiant Radiant
regime rate (Hz) radiant area (mW/cm?) energy  exposure
power (cm?) ) (J/em?)
(mW)
Primary human
Khadra 2005  «-MEM 10% FBS 830 cw - 84 9.62 8.7 172 14.4 1.5
- 344 289 3
Stein 2005 OGM 2% FBS 632.2 cwW - 10 0.071 140 1 0.010 0.14
0.047 215 2 0.020 043
0.070 143 10 0.100 1.43
Haxsen 2008 DMEM 0,5% FBS 690 cwW - n/a n/a 51 1800 n/a 0
102 0
204 0
Petri 2010 «-MEM 10% FBS 780 cwW - 70 .13 62 540 37.8 33
OSTEO-1
Fujihara 2006 DMEM 5% FBS 780 cW - 10 0.04 250 12 0.12 3
OFCOLII
Oliveira 2008  MEM 5% FBS 830 cwW - 50 032 156 36 1.8 5.6
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Table 4 Results obtained for primary human cells, OSTEO-1 cells and OFCOLII cells

Author Treatments Proliferation Counting  Adhesion BMP-4  Alkaline Osteocalcin ~ RUNX2
method phosphatase
Primary human
Khadra 2005 1 196 h Cont. 11,3e¢e24h n/a * 10 days, Act. * 10 days n/a
196 h Cont. 11,3e24h * 10 days, Act. 110 days
Stein 2005 1 n/a MTT n/a n/a 124 and 48 h, Exp. n/a n/a
124 and 48 h MTT 124 and 48 h, Exp.
n/a MTT *24 and 48 h
Haxsen 2008 6 n/a n/a n/a n/a *24h n/a n/a
*24h
124 h, Act.
Petri 2010 2 *10 and 14 days MTT n/a n/a * Act. T Exp. 1 14 days | 14 days
14 days
OSTEO-1
Fujihara 2006 1 13,5 and 7 days Cont. *#20,40 and n/a n/a n/a n/a
60 min.
OFCOLII
Oliveira 2008 MEM 5% FBS 830 cwW - 50 0.32 156 36

830 nm, cw, on rat primary cells. The radiant exposure was
3.84 J/em? applied for 600 s with an irradiance of 6.4 mW/cm?
(500 mW of power). The irradiated cells showed significantly
higher rates of proliferation 6 and 9 days post irradiation, in
comparison to the control group. Ozawa et al. also demon-
strated an increase in the alkaline phosphatase activity of the
cells up to 18 days after irradiation.

Ueda and Shimizu [19] used a laser diode emitting at
830 nm in both gated (50% duty cycle, 1, 2 and 8 Hz) and
cw regimes, with radiant exposures ranging from 0.48 to
3.84 J/em? (exposure times from 180 to 1200 s for gated and
75 to 600 s for cw). The peak power was 500 mW and the
irradiance was 6.4 mW/cm?. The authors found an increase in
proliferation in all groups between 6 and 9 days. They also
reported an increase in alkaline phosphatase expression and
activity in all groups.

Xu et al. [14] studied the effects of gated (6 kHz) laser
emitting at 650 nm, with radiant power of 2 mW, radiant
exposure of 0.23 J/em® and 2.28 J/cm? and exposure duration
ranging from 60 to 600 s, and observed an increase in prolif-
eration of primary rat cells in all groups 3 days after irradia-
tion. They also demonstrated an increase in alkaline phospha-
tase expression in both irradiated groups.

Cankaya et al. [23] conducted a study with primary
osteoblast-like cells, LED emitting at A = 660 nm continuous
with irradiance of 20 mW/cm?, applied for 1 min. There was
an increase in proliferation between 24 and 48 h after
irradiation.

In most studies with primary rat cells, irradiation in the red-
infrared spectral regions led to increased proliferation for both
cw and gated regimes; red and infrared; and LED and laser.
Unlike other authors who tested the effect of low energy laser

therapy on rat cap osteoblasts, Emes et al. (2013) compared the
effect of this therapy with pulsed electromagnetic field. A mag-
netic field of 0.06 mT, 0.2 mT and a laser with wavelength of
808 nm were applied and analyzed at 24 and 96 h after the
treatment. The authors found that the control group presented
greater cellular proliferation than the groups submitted to a
pulsed electromagnetic field and in the 96 h period the group
submitted to a 0.2 mT electromagnetic field showed a higher
rate of proliferation than the other groups. In contrast to most
works, Emes et al. did not find greater cell proliferation in cells
submitted to low energy laser therapy; however, the compari-
son is hampered by the difference of parameters used. Unlike
other authors, this author applied to high radiant exposure of
47 J/em® and high irradiance of 524 mW/cm?. These studies
suggest the dichotomous outcome of photobiomodulation, in
that higher exposures lead to deleterious effects.

Primary human cells

Khadra et al. [4] studied the effect of diode lasers emitting at
A =830 nm with radiant power of 84 mW, irradiance of
8.7 mW/cm? and radiant exposure varying from 1.5 to 3 J/
cm?® (172 and 344 s of irradiation) on the proliferation of
primary human cells. The authors found an increase in prolif-
eration after 96 h. They also reported a significant increase in
cell adhesion from 1 to 96 h after irradiation but alkaline
phosphatase expression remained unaltered 10 days after the
experiment.

Stein et al. [6] evaluated the proliferation of primary human
cells under He-Ne (A = 633 nm) laser irradiation, with a radi-
ant exposure ranging from 0.14 to 1.43 J/em?® (1 to 10 s of
radiant exposure, 10 mW of radiant power). They found an
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Table 5 Irradiation parameters used for Saos-2 cells
Author Medium A(nm)  Temporal Pulse Average Target Irradiance Exposure Radiant Radiant
regime rate (Hz)  radiant area (sz) (mW/cmz) (s) energy (J) exposure
power (mW) (J/em?)
Coombe 2001  DMEM 10% 830 W - 90 0.143 629 3 0.3 2.1
FBS 6 05 35
11 1 7.0
22 2 14
44 4 28
Haxsen 2008 DMEM 0.5% 690 cw - n/a n/a 51 1800 n/a 0
FBS 102 0
204 0
Stein 2008 DMEM 10% 670 W - 400 9.6 42 30 12 1.25
FBS - 60 24 2.50
Chellini 2010  F12-Coon’s 10 gate 50 1000 0.143 6993 10 10 70
10%FBS ¢4 70 1400 9790 14 98
Bloise 2013 McCoy’s SA 659 cw - 10 2.0 5 200 2 1.0
modified 300 3 15
medium
Arisu 2006 DMEM 10% 1064 gate 10 200 0.320 625 10 2.0 6.25
FBS 600 1875 6.0 18.75
800 2500 8.0 25
1200 3750 12.0 37.5
15 900 2813 9.0 28.125
1200 3750 12.0 37.5
1800 5625 18.0 56.25
Arisu 2006 DMEM 10% 1064 puls 20 1200 0.320 3750 10 12.0 375
FBS 1600 5000 16.0 50
2400 7500 24.0 75
30 1800 5625 18.0 56.25
2400 7500 24.0 75
3600 11,250 36.0 112.5
633 W - 100 312.5 1.0 3.125

increase in proliferation at both 24 and 48 h after 3 s of irra-
diation (0.43 J/cm?), but differences in alkaline phosphatase
expression were presented following 1 and 3 s of irradiation.
Petri et al. [16] studied the effect of IR diode laser (\ =
780 nm), cw, with 70 mW and 540 s of exposure. The authors
apparently miscalculated their radiant exposure as the target
diameter was 12 mm (1.13 cm? of area), so the radiant expo-
sure would have been about 37.8 J/em® and not 3 J/cm? as
reported. There was no change in proliferation 10 and 14 days
after irradiation. Phosphatase activity was also unaltered at
10 days but expression significantly increased after 14 days.
As in rat cells, the primary human cell responded to irradi-
ances in the range of tens of mW/cm®. Higher irradiances (of
hundreds of mW/cm?) remain untested but the medium range
tested by Petri (62 mW/cm?) showed no significant differences
in proliferation. Although all authors used different wave-
lengths, in this range (red-NIR) light absorption is very similar.

@ Springer

Khadra et al. [4] concluded that the irradiation of the laser
modulated the activity of the cells and tissues but it is dose-
dependent. Stein et al. [6] also found positive results regarding
laser therapy, concluding that its application promotes prolif-
eration and maturation of human osteoblasts, only Petri et al
[16] found lack of positive results in the application of laser
therapy in human osteoblasts, the authors found that the laser
did not influence the cellular growth but the parameters used
differ from those used by Khadra et al [4] and Stein et al [6].

Primary cells derived from osteosarcoma

Coombe [37] found that proliferation did not differ between
groups after irradiation with diode laser (A=830 nm, p=
90 mW, irradiance = 629 mW/cm? 0.3 to 4 J ), cw, with radiant
exposure ranging from 1.7 to 25.1 J/em? in a 1-10-day period.
Likewise alkaline phosphatase activity was unaffected.
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Table 6 Results obtained for Saos-2 cells

Author Proliferation Counting BMP-  Alkaline phosphatase
Treatments method Adhesion 4 Osteocalcin  RUNX2
Coombe 1 *1-10 days cont. + MTT n/a n/a *1-5 days Act. n/a n/a
2001 *1-10 days * 1-5 days Act.
* 1-10 days * 1-5 days Act.
*1-10 days * 1-5 days Act.
*1-10 days * 1-5 days Act.
Haxsen 2008 6 n/a n/a n/a n/a *24h n/a n/a
*24h
124 h Act.
Stein 2008 1 *24,48 and 72 h XTT n/a n/a *24, 48 and 72 h Act. n/a n/a
*24,48 and 72 h XTT n/a n/a *24, 48 and 72 h Act.
Chellini 2010 1 148 h Cont. n/a n/a 1 7 days Exp. n/a 17 days
148h
Bloise 2013 1 1 day2 *24h,days3and7 MTT/cont. n/a n/a n/a n/a n/a
4 tday2,3and 7 *24 h n/a n/a n/a n/a n/a
1 day 2 * 24 h, days 3 and 7 n/a n/a 1 20 min, activ * 30 min, n/a n/a
activ
4 tday2,3and 7 *24 h n/a n/a n/a n/a n/a
Arisu 2006 1 17,14 and 21 days MTT n/a n/a n/a n/a n/a

17, 14 and 21 days
1 7, 14 and 21 days
1 7,14 and 21 days
1 7, 14 and 21 days
1 7,14 and 21 days
17, 14 and 21 days
17, 14 and 21 days
17, 14 and 21 days
17, 14 and 21 days
17, 14 and 21 days
17, 14 and 21 days
17, 14 and 21 days
17, 14 and 21 days

Stein et al. [20] conducted a study using a A =670 nm cw
laser with 400 mW of power, irradiation duration of 30 and
60 s (radiant exposure of 1 J/em? and 2 J/em?, irradiance =
42 mW/cm?). The authors found no difference in the prolifer-
ation or alkaline phosphatase activity of the irradiated group
compared to the control group.

Arisu et al. [15] studied the effect of Nd:YAG, pulsed,
emitting at 1064 nm with different repetition rates (10, 15,
20, and 30 Hz), pulse energy (20, 60, 80, and 120 mJ) and
irradiation duration of 10 s for all parameters. They also ana-
lyzed the influence of cw HeNe laser (A=633 nm, p=
100 mW and #=10 s). They found that HeNe laser and
20 mJ pulse energy, 10 Hz, 10 s Nd:YAG laser irradiation
had a stimulatory effect on proliferation but that any increment
in the pulse energy, pulse repetition rate, and power output had
an inhibitory effect on proliferation.

Chellini et al. [17] studied the effect of a Nd:YAG laser
1064 nm pulsed (pulse duration 100 ps; pulse energy:
20 mlJ; repetition rate 50 and 70 Hz; average power: 1 and
1.4 W; irradiation duration: 10 s with radiant exposure of
1.5 J/em?). The authors observed an increase in proliferation
in relation to the control group for both irradiation parameters.
They also reported an increase in the expression of alkaline
phosphatase as well as RUNX2.

Bloise et al. [21] demonstrated an increase in the prolifera-
tion of Saos-2 cells 2 days after a single irradiation session of
A =659 nm laser with 10 mW of radiant power (5 mW/cmz),
for both 1 and 1.5 J/em? of radiant exposure. After increasing
the exposure to four sessions of irradiation on days 1, 2, 3 and 7
(with the same parameters), the authors also observed increased
proliferation on days 2, 3 and 7. With a single irradiation of
1.5 J/em?, the alkaline phosphatase activity was also increased.
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Table 7  Irradiation parameters used for MC3T3 and MG63 cells

Author A (nm) Temporal Pulse Average Target Irradiance ~ Exposure (s) Radiant Radiant
regime rate (Hz)  radiant area (cm?)  (mW/cm?) energy (J) exposure
power (mW) (J/em?)
Renno 2007 830 Cw - 30 0.32 94 5 0.16 0.5
11 0.32 1
53 1.6 5
107 32 10
780 50 156 3 0.16 0.5
6 0.32 1
32 1.6 5
64 32 10
670 10 31 16 0.16 0.5
32 0.32 1
160 1.6 5
Saracino 2009 904-910 gate 30,000 200 9 222 300 60 6.7
Fujimoto 2010 830 gate 2 250 79 32 300 75 0.96
600 150 1.91
1200 300 3.82
Kwon 2012 635 Cw - 64 64 1 3600 229 3.6
Asai 2014 630 Cw - 131 79 1.7 300 39 0.5
900 118 1.5
1800 236 3
Aleksic 2010 2940 puls 30 673 9.6 70 30 20 2.1
1155 120 35 3.6
1507 157 45 4.7
2053 213 62 6.4
673 70 30 20 2.1
690 72 60 41 43
716 74 90 64 6.7
690 72 120 83 8.6
10 224 23 30 7 0.7
20 449 47 13 1.4
30 673 70 20 2.1
40 930 97 28 29
50 1155 120 35 3.6
10 481 50 20 10 1
20 1010 105 20 2.1
30 1491 155 30 3.1
30 690 72 60 41 43
120 83 8.6
150 104 10.8
180 124 12.9
210 145 15.1
240 165 17.2

Coombe [37] demonstrated that cell proliferation was not
significantly affected by any of the energy levels or different
exposure regimes studied, as did Arisu et al. [15] who realized
that large increased energy, pulse repetition rate, and power

@ Springer

has a negative effect on cell viability and proliferation. On the
other hand, Stein et al [20], Chellini et al [17] and Bloise et al
[21] observed a biostimulating effect on the cells. Stein et al
[20] observed a biostimulating effect on cells after 72 h of
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Table 8 Results obtained for MC3T3 and MG63 cells
Author Treatments  Proliferation Counting ~ Adhesion BMP-4 Alkaline Osteocalcin - RUNX2
method phosphatase
Renno 2007 *24 h MTS n/a n/a *24h n/a n/a
*24h MTS *24h
*24h MTS *24h
1T MC3T3 MTS 124h
MC3T3 Act.
*24h MTS *24h
T MG63 | MTS *24h
MC3T3
T MG63 | MTS *24h
MC3T3
1T MG63 | MTS *24h
MC3T3
*24h MTS *24h
*24h MTS *24h
124 h MG63 MTS *24h
Saracino 2009 3 1 10 and Cont. n/a 120 days 110 and 20 1 (10 days) n/a
20 days days Exp.
Fujimoto 2010 1 n/a n/a n/a * n/a n/a *
n/a n/a n/a 16,9and 12 h 1(12,24
and 48 h)
n/a n/a n/a * *
Kwon 2012 1 *24 h MTT n/a n/a n/a n/a n/a
Asai 2014 1 15 and 7 days Cont. n/a n/a *activ. T exp. 16 days n/a n/a
15 and 7 days
17 days
Aleksic 2010 1 *1and 3 days  WST-8 n/a n/a n/a n/a n/a

1 1 and 3 days
* 1 and 3 days
* 1 and 3 days
1 1 and 3 days
1 1 and 3 days
* 1 and 3 days
* 1 and 3 days
* 1 and 3 days
* 1 and 3 days
* 1 and 3 days
1 1 and 3 days
1 1 and 3 days
1 1 and 3 days
1 1 and 3 days
* 1 and 3 days
* 1 and 3 days
* 1 and 3 days
* 1 and 3 days
1 1 and 3 days
1 1 and 3 days
* 1 and 3 days

irradiation at 2 J/em®. Unlike Arisu et al [15], Chellini et al
[17], concluded that low pulse energy and high repetition rate

irradiation may have a biostimulating effect on different cells
of' the oral microbiote, especially osteoblasts. Bloise et al. [21]
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observed that laser irradiation increased cell proliferation
without altering their morphological characteristics.

Osteo-1 cell culture

Fujihara et al. [13] applied 10 mW of radiant power, 12 s of
exposure and 0.12 J of radiant energy and observed increased
proliferation of cells 3, 5 and 7 days after irradiation. The
authors found that the irradiated group presented higher cell
numbers than the corresponding non-irradiated group but that
adhesion remained unchanged.

OFCOL Il culture

Oliveira et al. [25] conducted a study examining the effect of a
)\ = 830 nm laser with radiant power of 50 mW and 3 J/cm” (36 s
of exposure) on the proliferation of Ofcol II cells. The authors
observed an increase in proliferation after 24, 42 and 72 h.

Cell lines MC3T3 and MG63

Renno et al. [8] studied the influence of different wavelengths
(830, 780, and 670 nm) on the MTS results of MC3T3 and
MG63 cells. The radiant power was 30, 50, and 10 mW for the
830, 780, and 670 nm laser, respectively. The radiant exposure
varied as follows: 0.5, 1, 5 and 10 J/em? and the MTS essay
was performed 24 h after irradiation.

Following irradiation with the 780 nm laser, the authors
found a significant reduction in proliferation of the osteoblast
cell line for radiant exposures greater than 0.5 J/cm® and
156 mW/cm?. However, the same amount of irradiation sig-
nificantly increased the proliferation of the osteosarcoma cell
line. The 830 nm laser only increased the proliferation of the
osteoblast cells at the higher radiant exposure of 10 J/cm® and
the 670 nm irradiation led to increased proliferation only for
the osteosarcoma cells for the radiant exposure of 5 J/em® (no
data is available for 10 J/cm?). The alkaline phosphatase ac-
tivity remained unaltered for these parameters in all cultures.

Saracino et al. [22] conducted a study exposing MG63 cells
to superpulsed laser irradiation, using the following protocol:
every 24 h for the first 5 days, then every 48 h until day 20.
The nominal wavelength was 904-910 nm, pulse width
200 ns of pulse duration, peak power of 33 W, average out
power of 200 mW, frequency 30 kHz, exposure time 300 s,
radiant energy per irradiation 60 J and total energy of 720 J for
each well (target size 9 cm?). The radiant exposure per irradi-
ation was 6.7 J/cm®. The authors observed inhibition of pro-
liferation of MG63 cells between 10 and 20 days, but they also
reported an increase in alkaline phosphatase expression.

Aleksic [7] conducted a study with an Er: YAG pulsed laser
in which several parameters were varied: Energy-output-de-
pendent effect: the laser was fixed at 30 Hz and 30 s, and pulse
energy at 23, 39, 50 and 68 mJ (total radiant exposure of 2.1,
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3.6, 4.7 and 6.4 J/em?, respectively). Time-dependent effect:
the laser was fixed at 30 Hz and 23 mJ/pulse, and the irradia-
tion time was set at 30, 60, 90 and 120 s (radiant exposure 2.1,
4.3, 6.7 and 8.6 J/cm?, respectively). Pulse-rate-dependent
effect: the laser was fixed at 23 mJ/pulse and 30 s and the pulse
rate was set at 10, 20, 30, 40 and 50 Hz (radiant exposure 0.7,
1.4,2.1,2.9 and 3.6 J/cm?, respectively). Pulse-rate-dependent
effect. energy of 50 mJ/pulse and a shorter irradiation time of
20 s were used with the pulse rate set at 10, 20 and 30 Hz
(radiant exposure 1.0, 2.1 and 3.1 J/em?, respectively). Time-
dependent effect in the presence of medium: irradiation was
performed with the cell surface covered with a minimal
amount (0.5 ml) of «-MEM without phenol red (Invitrogen,
Carlsbad, CA). The energy level was set at 23 mJ/pulse, pulse
rate at 30 Hz and irradiation time at 1, 2, 2.5, 3, 3.5 and 4 min
(radiant exposure 4.3, 8.6, 10.8, 12.9, 15.1 and 17.2 J/cmz,
respectively).

Amongst all these combinations of parameters, the authors
found some that significantly increased cell proliferation:

* 30 Hz 30 s, 39 mJ/pulse and 3.6 J/em?;

* 30 Hz, 23 mJ/pulse, 30 s and 60 s, 2.1 and 4.3 J/em?
(respectively); irradiation for 90 and 120 s (radiant expo-
sure 6.7 and 8.6 J/cm?, respectively), however, resulted in
significantly lower proliferation rates;

23 mJ/pulse, 30 s, pulse rate of 40 and 50 Hz (RE: 2.9
and 3.6 J/em?, respectively);

* 50 mJ/pulse, 20 s, pulse rate of 10 and 20 Hz (RE 1.0 and
2.1 J/em?, respectively);

* 23 mJ/pulse and 30 Hz, respectively, in the presence of
medium, irradiation for 3 and 3.5 min (RE 12.9 and 15.1 J/
cn?, respectively).

Renno et al. [8] concluded that each cell type responds
differently to each wavelength and irradiation parameters, ie
by changing the parameters, the cellular response changes.
Saracino et al. [22] used a different radiation, - superpulsed
light -, realized that this type of irradiation decreases cell
growth and thus concluded that it has heterogeneous proper-
ties because it induces the expression of mediating molecules
of bone formation and increases calcium deposits. Already,
Aleksic [7] found greater cell proliferation at approximately
1-15.1 J/em? doses, and induction of extracellular signal reg-
ulated protein kinase phosphorylation (MAPK/ERK) 5 at
30 min after irradiation, which confirms results obtained In
other studies that the Er:YAG laser can promote bone healing
after periodontal and perimplant therapy.

Effect of photobiomodulation on osteoblastic cell
proliferation

Most authors used diode lasers or HeNe lasers in the red to
near-infrared spectral region but three studies used expensive
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solid state pulsed lasers Nd:YAG and Er:YAG. Both types of
laser produced positive results despite being pulsed. Thus
from cw to a few Hz to KHz, there is a lack of data to indicate
that the pulse rate affects cell proliferation [20].

Another important parameter is the wavelength. The studies
reviewed herein varied the wavelength from the red 633 nm to
the mid-IR 2700 nm Er:YAG laser. This latter wavelength is
strongly absorbed by water and thus the researcher must be
careful to avoid a long optical path in which the photons are
absorbed by the culture medium. Nevertheless, one or more
authors reported positive results with each of the analyzed
wavelengths; thus, this parameter seems to have a limited in-
fluence on osteoblast proliferation.

In general, most studies were conducted in the radiant ex-
posure range of 1-3 J/em?. The radiant power itself only has a
small influence on the outcome, but the irradiance plays a
major role. The radiant exposure is related to the overall
amount of radiant energy deposited on the surface of the cul-
ture and the irradiance is related to how fast this energy is
delivered. Irradiance in the range of a few tens of mW/cm?
increased proliferation in most cultures, while lower or much
higher levels of irradiance resulted in a lack of statistical dif-
ferences or even deleterious effects [24].

Effect of photobiomodulation on alkaline
phosphatase expression and activity in osteoblastic
cells

Fewer authors studied the expression and activity of alkaline
phosphatase (compared to proliferation); nonetheless, of the
11 studies that investigated these parameters regardless of the
type of cell, ten reported an increase (three activity and seven
expression) with one or more irradiation parameters. Seven
authors reported a lack of significant differences but no one
reported deleterious effects, even for very high exposures.

Conclusions

The main drawback of this review is the variation in the irra-
diation parameters in the different studies, which, in addition
to the lack of standardization on how to report radiometric
parameters, make it difficult to draw general conclusions
about the effects of photobiomodulation on osteoblastic-like
cells. Recalculating the radiometric parameters based on the
information given by the authors was also difficult due to the
authors’ mistakes.

The works analyzed for this review suggest that
osteoblastic-like cells are susceptible to photobiomodulation
but that most of the light parameters varied by different au-
thors have little to no influence on proliferation.

Different temporal regimes (pulsed/gated or cw), radiant
exposures and wavelengths—even the unusual 2700 nm erbi-
um laser—have had positive effects on proliferation and/or

alkaline phosphatase activity but very high levels of irradiance
have demonstrated deleterious effects on proliferation,
highlighting the bi-phasic effect of photobiomodulation. The
same parameters were unable to significantly decrease alka-
line phosphatase activity, meaning that it is less susceptible to
the deleterious effects of light irradiation.
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