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Abstract

The aim of this in vitro study was to assess the influence of neodymium-doped yttrium aluminum garnet (Nd:YAG) laser
irradiation on proliferation and bone morphogenetic protein-2 (BMP-2) secretion in MG-63 osteoblast-like cells. MG-63
cells were cultured in plastic 96-well plates and exposed to Nd:YAG laser irradiation (1064 nm). Independent variables
included power (0.25 to 5.0 W) and irradiation time (10 to 60 s). In test and control groups, BMP-2 secretion was assessed
using two methods: enzyme-linked immunosorbent assay (ELISA) and magnetic microsphere BMP-2 immunoassay. In
addition, cell viability and proliferation were evaluated using water-soluble tetrazolium (WST-1) and cell counting kit-8
(CCK-8) assays. Outcome variables were assessed 24 and 72 h following laser exposure. Mann-Whitney U tests and
Kruskal-Wallis tests were applied to assess differences in cell cultures across the independent variables of interest. Magnetic
microsphere immunoassay analysis failed to identify any statistically significant influence of laser energy on BMP-2
secretion irrespective of power or irradiation time. In the ELISA analysis, BMP-2 concentration was significantly higher
for irradiation time of 10 versus 60 seconds (p=0.009) at the 24-hour assessment only. CCK-8 analysis showed that,
compared with control cultures, cell proliferation was significantly higher at the 24-hour recording for cells receiving power
of 0.25 W (p=0.0048), 1 W (p=0.0048), 3 W (p=0.0048), or 5 W (p=0.0048). Similar effects on cell proliferation were
noted at the 24- and 72-hour assessments. Under the conditions described, Nd:YAG laser irradiation consistently increased

proliferation of MG-63 cells. However, in almost all experiments, BMP-2 secretion in control and laser-treated cell cultures

were not statistically different. Differences in target cell types and laser irradiation parameters likely account for
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discordance between findings of the present investigation and those reported in prior studies.

Keywords: Lasers, Bone Morphogenetic Proteins, Bone Regeneration, Osteoblasts, Cell Proliferation, Cell Culture

Abbreviations: ND YAG: Neodymium-Doped Yttrium Aluminum Garnet, BMP: Bone Morphogenetic Protein, ELISA:
Enzyme-Linked Immunosorbent Assay, WST: Water-Soluble Tetrazolium, CCK: Cell Counting Kit, TGFB: Transforming
Growth Factor-B, ALP: Alkaline Phosphatase, DMEM: Dulbecco Modified Eagle Medium, MFI: Median Fluorescence
Intensity, ELISAs: Enzyme-Linked Immunosorbent Assays, DSCF: Dwass, Steel, Critchlow-Fligner

Introduction

In 1965, Dr. Marshall Urist, an orthopedic surgeon, made the
landmark discovery that devitalized bone implanted into
animal soft tissue induces cellular responses culminating in
ectopic bone formation [1]. Subsequently, the proteins
predominantly responsible for this effect—termed “bone
morphogenetic proteins” (BMPs)—were identified, purified,
and amplified through molecular cloning techniques [2,3].
BMPs comprise a group of related dimeric proteins belonging
to the transforming growth factor-f (TGFp) superfamily [3].
When implanted in vivo, BMPs induce mesenchymal cell
infiltration and differentiation, a transient cartilage phase, and
endochondral ossification followed by normal bone
remodeling [3]. In animal models, multiple assessments of
bone formation using BMP-2 and space provision have
demonstrated regenerates  histologically  similar to
immediately adjacent native bone [4,5].

In clinical case reports, neodymium-doped yttrium aluminum
garnet (Nd:YAG, 1064 nm) lasers have been used to establish
stable blood clots at alveolar ridge preservation and
immediate implant sites [6-8]. However, use of Nd:YAG
lasers for regenerative periodontal therapy remains
controversial, and to date, studies elucidating the biologic
basis and clinical predictability of such treatments are lacking
[9,10]. Nevertheless, investigators have suggested that
Nd:YAG laser energy may induce favorable cellular effects
supportive of bone and periodontal regeneration. In
particular, some evidence suggests that near infrared laser
energy may upregulate BMP-2 gene expression and protein
secretion in cells of the osteoblast lineage. Kim and
colleagues exposed mouse osteoblast precursor cell (MC3T3-

El) cultures to Nd:YAG laser irradiation at various energy

densities [11]. Laser stimulation significantly increased
BMP-2 gene expression and protein levels [11]. Furthermore,
both Nd:YAG laser exposure and exogenous BMP-2
application increased expression of BMP-2 responsive
transcription factors Cbfal and Osterix [11]. Another group
of investigators irradiated cultures of a human fetal osteoblast
cell line using a gallium aluminum arsenide (Ga-Al-As) diode
laser (808 nm) under hypoxic conditions [12]. Utilizing
quantitative real-time polymerase chain reaction, the authors
concluded that laser-treated cells exhibited significantly
increased BMP-2 expression compared with controls [12].
Fujimoto and coworkers investigated the effect of Ga-Al-As
diode laser energy on mouse osteoblast precursor cell
(MC3T3-El) cultures [13]. Laser exposure significantly
increased BMP expression and transcription factors
associated with osteoblast differentiation [13]. Use of the
BMP receptor blocker Noggin inhibited the laser-induced
transcription factor expression [13]. The same laboratory
found, in another in vitro study, that rat calvarial osteoblast-
like cells stimulated by Ga-Al-As laser irradiation exhibited
increased cellular proliferation, bone nodule formation, and
alkaline phosphatase (ALP) expression/activity [14]. The
purpose of the present investigation was to assess
proliferation and BMP-2 protein concentrations in human
MG-63 osteoblast-like cell cultures after exposure to

Nd:YAG laser irradiation.

Materials and Methods
A schematic of the experimental design is shown in (Figure
1). All experiments were conducted in a sterile laminar flow

hood on a non-reflective surface.
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Figure 1: Experimental design. Cell proliferation and BMP-2 concentration were evaluated at two time points: 24 and 72 h following

laser exposure.

Cell Culture

MG-63 osteoblast-like cells were cultured in supplemented
Dulbecco Modified Eagle Medium (DMEM, Thermo Fisher
Scientific, Waltham, Massachusetts, USA) incubated at 37°C
and 5% CO; in a humidified atmosphere. At confluence, cells
were harvested and plated in 96-well plates at a density of
10,000 cells per well. A checkerboard pattern was utilized on
the 96-well plate to protect adjacent samples from inadvertent
laser exposure. The cultures then incubated for 24 hours

under the described conditions.

Laser Irradiation

Nd:YAG laser energy (1064 nm, Lightwalker AT, Fotona,
Dallas, Texas, USA) was delivered to the cell cultures in 96-
well plates using a 300-um diameter optical fiber stabilized 3
cm from the plate, such that the aiming beam spot size
matched the area of a single well (0.32 cm?). Average power
was set at 0 (control), 0.25, 0.5, 1, 3, or 5 W, with an exposure
time of 10, 30, or 60s. Repetition rate and pulse duration were
constant at 20 Hz and 100 ps, respectively (Table 1). Control
cultures were removed from the incubator for the duration of
laser irradiation. Laser exposure groups received Nd:YAG

laser irradiation 24 h after plating cells.

Table 1. Nd:YAG laser irradiation parameters

Power (W) 0 0.25 0.5 1 3 5
Irradiation time (s) | 0 | 10 | 30 | 60 | 10 | 30 | 60 | 10 | 30 | 60 | 10 | 30 | 60 | 10 | 30 | 60
Pulscenergy () | 0 | 25 | 75| 15| 5 | 15 [ 30 | 10 [ 30 [ 60 | 30 | 90 | 180 | 50 | 150 | 300
Fluence J/em?)® | 0 | 8 | 23 | 47 | 16 | 47 | 94 | 31 | 94 | 188 | 94 | 281 | 563 | 156 | 469 | 938

*The irradiated surface area consisted of a single well in a 96-well plate, measuring 0.32 cm?. We achieved this condition by stabilizing a 300-um

fiber 3 ¢cm from the cell culture.

Bone Morphogenetic Protein-2 Protein Levels
Magnetic Microsphere BMP-2 Immunoassay: A magnetic
microsphere immunoassay (MAGPIX System, Luminex,
Austin, Texas, USA) was used to detect BMP-2 protein
concentrations in the cell culture supernatant. BMP-2-
specific antibodies were onto

pre-coated magnetic

microspheres embedded with fluorophores. Microspheres
and samples from the cell supernatant were applied to 96-well
microplates using a pipette. The samples were read using a
magnetic (MAGPIX  System,

microsphere  analyzer

Luminex). The microspheres were magnetically positioned in
a monolayer and identified based on fluorescent patterns. A
green LED then illuminated the microspheres, and a CCD
camera detected the resulting fluorescence. The median
fluorescence intensity (MFI) provided the basis for the
sample analysis. The analysis software (MAGPIX System,
Luminex) processed the images and determined BMP-2
concentrations in picograms per milliliter (pg/ml) using a
standard curve.

Enzyme-Linked Immunosorbent Assay: Enzyme-linked
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immunosorbent assays (ELISAs) were used to determine
BMP-2 concentrations occurring in cell supernatant. Using a
pipette, cell samples were applied to 96-well microplates pre-
coated with a BMP-2-specific monoclonal antibody. An
enzyme-linked, BMP-2-specific monoclonal antibody was
added to the wells. Absorbance at 450 nm (A450) was
recorded using a microplate reader (Varioskan LUX
multimode microplate reader, Thermo Fisher Scientific)
within 30 minutes and converted to BMP-2 concentration
using a standard curve.

Cell Proliferation Assays: Both water-soluble tetrazolium
(WST-1) and cell counting kit-8 (CCK-8) cell proliferation
assays relied upon cleavage of a tetrazolium salt by
mitochondrial dehydrogenases to form formazan in viable,
metabolically active cells. Formation of the formazan product
increased the A450, as recorded using a microplate reader
(Varioskan LUX multimode microplate reader, Thermo
Fisher Scientific). The A450 was then converted to viable cell

count using a standard curve.

Statistical Analysis
Statistical software (SAS 9.4, SAS Institute, Cary, North

Carolina, USA) was used for all analyses, with significance
level set at 0.05. Descriptive statistics were calculated for all
qualitative and quantitative variables. The primary outcome
variable was BMP-2 concentration, assessed via two
methods—magnetic microsphere immunoassay and ELISA.
Explanatory variables included assessment time (24 or 72 h),
irradiation time (10 or 60 s), and power (0, 0.25, 1, 3, or 5 W).
Individual analyses were conducted for each assessment time
using non-parametric tests. Wilcoxon-Mann-Whitney U tests
were calculated separately at each assessment (24 and 72 h
following laser exposure) to determine if irradiation time (10
versus 60 s) influenced BMP-2 protein level. Next, Kruskal-
Wallis tests were calculated at each assessment time to
determine if BMP-2 concentration differed by laser power (0,
0.25,1, 3, or 5 W). If the Kruskal-Wallis test was statistically
significant, the Bonferroni adjustment was used to adjust the
alpha level and individual Mann-Whitney U tests were
calculated to compare BMP-2 concentrations in control

versus laser-stimulated cultures.

In addition to BMP-2 secretion, cell proliferation was
assessed using CCK-8 and WST-1 kits. Explanatory variables
included assessment time (24 or 72 h), irradiation time (10,
30, or 60 s), and laser power (0, 0.25, 1, 3, or 5 W). Individual
analyses were conducted for each assessment time. Due to the
non-normal nature of the data, non-parametric tests were
used. Kruskal-Wallis tests were used to determine if cell
proliferation differed by irradiation time (10, 30, or 60
seconds) at the 24- and 72-h assessments. A Dwass, Steel,
Critchlow-Fligner (DSCF) multiple comparison procedure
was used to assess for multiple comparisons for irradiation
time. If the Kruskal-Wallis test for laser power was
statistically significant, the Bonferroni adjustment was used
to adjust the alpha level and individual Mann-Whitney U tests
were calculated to compare cell proliferation in control versus

laser-stimulated cultures.

Results
BMP-2 Secretion

Magnetic microsphere immunoassay results. Table 2
presents the results of the Kruskal-Wallis tests calculated to
determine if BMP-2 concentration differed by power and the
results of Wilcoxon-Mann-Whitney U tests to determine if
BMP-2 concentration differed by irradiation time. Neither
power nor irradiation time produced a statistically significant
difference in BMP-2 concentration under the described
conditions.

ELISA results. Table 3 reports the results of the Kruskal-
Wallis tests calculated to determine if BMP-2 concentration
differed by power and the results of Wilcoxon-Mann-
Whitney U tests to determine if BMP-2 concentration differed
by irradiation time. No statistically significant difference in
BMP-2 concentration by power at either assessment time or
by irradiation time at the 72-hour assessment was observed
(Figure 2). At the 24-hour assessment point, BMP-2
concentration exhibited a statistically significant elevation at
the shorter (10 s) versus longer (60 s) irradiation time

(p=0.009).
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Table 2: Kruskal-Wallis / Wilcoxon-Mann-Whitney U Test Results

(BMP-2 Protein Concentration - Magnetic Microsphere Immunoassay)

24-Hour Assessment 72-Hour Assessment
Variable Level BMP-2 (pg/ml) p-value BMP-2 (pg/ml) p-value
Mean (SD), N=20 Mean (SD), N=20

0 0.68 (0.0) 0.81 (0.0)
0.25 0.68 (0.0) 0.78 (0.07)

Power (W) 1 0.68 (0.0) 1.00% 0.81 (0.0) 1.00?
3 0.68 (0.0) 0.78 (0.07)
5 0.68 (0.0) 0.75 (0.07)
10 0.68 (0.0) 0.78 (0.05)

Laser time — mean (SD) 1.00° 1.00°
60 0.68 (0.0) 0.78 (0.05)

aKruskal-Wallis test
"Wilcoxon-Mann-Whitney U test

Table 3. Kruskal-Wallis / Wilcoxon-Mann-Whitney U Test Results
(BMP-2 Protein Concentrations - ELISA Dataset)

24-Hour Assessment 72-Hour Assessment
Variable Level BMP-2 (pg/ml) p-value BMP-2 (pg/ml) p-value
Mean (SD), N=36 Mean (SD), N=36
0 0.12 (0.00) 0.12 (0.00)
0.25 0.12 (0.01) 0.12 (0.01)
0.5 0.13(0.01) 0.13(0.21)
Power (W) 0.773% 0.797¢
1 0.12 (0.00) 0.13 (0.01)
3 0.14 (0.02) 0.14 (0.03)
5 0.12 (0.01) 0.13(0.01)
10 0.13 (0.01) . 0.13 (0.01)
Irradiation Time (s) 0.009™ 0.490°
60 0.12 (0.01) 0.13 (0.02)
TStatistically significant
2K ruskal-Wallis test
"Wilcoxon-Mann-Whitney U test
% Change in BMP-2 Concentration at 24 hours (ELISA) % Change in BMP-2 Concentration at 72 hours (ELISA)

100% %

80%

§ g

§ §

% Change Relative to Control
I
g
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Figure 2: BMP-2 concentration (percent change relative to control) assessed using ELISA at 24 and 72 h following laser exposure.
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Cellula Proliferation

CCK-8 data. The results of the Kruskal-Wallis test showed a
statistically significant difference in cell proliferation by laser
power at the 24- and 72-h assessment times (<0.0001 and
0.0014, respectively). Table 4 reports results of the
Wilcoxon-Mann-Whitney U tests to determine if cell
proliferation differed by irradiation time and power.
Compared with control cultures, cell proliferation was

significantly higher at the 24-h recording for cultures
receiving 0.25 W (p=0.0048), 1 W (p=0.0048), 3 W

(p=0.0048), 5 W (p=0.0048), or positive laser power
(p=0.0046) after
(alpha=0.01). At the 72-hour recording, cell proliferation was

adjusting for multiple comparisons
significantly higher than controls for cultures receiving 0.25
W (p=0.0048), 1 W (p=0.0048), 3 W (p=0.0048), 5 W
(p=0.0046), or positive laser power (p=0.0046) after
adjusting for multiple comparisons (alpha=0.01). CCK-8
proliferation data demonstrated up to 46% increase in cell
proliferation 72 hours after Nd:YAG laser irradiation (Figure
3).

Table 4: Wilcoxon-Mann-Whitney U Test Results
(Cell Proliferation - CCK-8 Dataset)

p-value p-value
24-Hour Assessment 72-Hour Assessment
(compared (compared
Variable Level Absorbance at 450 nm Absorbance at 450 nm
with with
Mean (SD), N=36 Mean (SD), N=36
control) control)
0
0.46 (0.01) 0.43 (0.02)
(control)
0.25 0.51 (0.03) 0.0048" 0.55 (0.06) 0.0048 *
Power (W) 1 0.52 (0.03) 0.0048" 0.54 (0.02) 0.0048"
3 0.60 (0.03) 0.0048 0.60 (0.09) 0.0048"
5 0.61 (0.02) 0.0048" 0.55 (0.04) 0.0048"
positive 0.51 (0.01) 0.0046 0.51 (0.01) 0.0046 f
10 0.53 (0.05) 0.54 (0.08)
Irradiation Time (s) 0.9374 0.9749
60 0.54 (0.06) 0.53 (0.05)

ODu4so = Optical density at 450 nm

fStatistically significant

Cell Proliferation at 24 hours (CCK-8)
160%

140%
120%
100%
80%
60%

40%

% Change Relative to Control

20%

0%

ow 0.25W 1w 3W 5w

Laser Power

= 10-s exposure  ===60-s exposure

% Change Relative to Control

Cell Proliferation at 72 hours (CCK-8)

180%

160%

140%

120%

100%

80%

60%

40%

20%

0%
ow 0.25W 1w 3w SwW

Laser Power

= 10-5 exposure  ===60-s exposure

Figure 3: CCK-8 cell proliferation data (percent change relative to control) at 24- and 72-h assessments.
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WST-1 data. The results of the Kruskal-Wallis test showed a
statistically significant difference in cell proliferation by laser
power at the 24- and 72-h assessment times (0.0016 and
<.0001, respectively). Table S reports results of the

proliferation were identified, after adjusting for multiple
(alpha=0.0017),
cultures with cells receiving power of 0.5 W (p=0.0004), | W
(p=0.0005), and 5 W (p=0.0011). WST-1 proliferation data

comparisons when comparing control

demonstrated up to 46% increase in cell proliferation 72

Wilcoxon-Mann-Whitney U tests or Kruskal-Wallis test to

determine if cell proliferation differed by irradiation time and

hours after Nd:YAG laser irradiation (Figure 4).

power. Statistically significant differences in cell
Table 5: Kruskal-Wallis / Wilcoxon-Mann-Whitney U Test Results
(Cell Proliferation — WST-1 Dataset).
24-Hour Assessment 72-Hour Assessment
Variable Level Absorbance at 450 nm p-value | Absorbance at 450 nm | p-value
Mean (SD), N=63 Mean (SD), N=63
0 0.54 (0.03) 1.52(0.31)
0.25 0.63 (0.06) 0.0035* 1.80(0.43)
Power (W) 0.5 0.63 (0.02) 0.00047 2.02 (0.49)
: 0.2334°
1 0.64 (0.05) 0.0005™ 1.95(0.53)
3 0.67 (0.14) 0.0240* 1.94 (0.57)
5 0.63 (0.06) 0.001172 2.00 (0.50)
10 0.62 (0.05) 1.92 (0.37)
Irradiation Time (s) 30 0.63 (0.10) 0.3482* 2.31(0.28) <.00017*
60 0.59 (0.10) 1.22 (0.26)

*Wilcoxon-Mann-Whitney U test
"Kruskal-Wallis test

Cell Proliferation at 24 hours (WST-1)
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——30-sexposure  ——60-5 eXposure

Figure 4: WST-1 cell proliferation data (percent change relative to control) at 24- and 72-h assessments.

Discussion

The purpose of this investigation was to assess the influence
of Nd:YAG laser irradiation on cell proliferation and BMP-2
secretion in MG-63 osteoblast-like cells. Nd:YAG laser

stimulation was found to consistently stimulate MG-63 cell
proliferation over the range of energy densities applied. In
some experiments, cell proliferation increased by 46% in

laser-exposed versus control cultures (Figures 3 and 4). This
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finding is consistent with results of Karoussis and colleagues,
who observed increased MG-63 cell proliferation on plastic
and titanium surfaces following Nd:YAG laser irradiation (4
J/em?), an effect enhanced by a roughened titanium substrate
[15]. Increased cell proliferation has been a common finding
in studies investigating various lasers, irradiation parameters,
and target cell types [15-18]. Arisu and colleagues reported
increased proliferation of Saos-2 cells in response to Nd:YAG
laser exposure [16]. However, pulse energy, repetition rate,
and power correlated negatively with cell proliferation [16].
This observation is an example of “biphasic dose response.”
For many outcomes of interest—such as cell proliferation—
an optimal laser exposure is definable. Maximum benefit may
occur at the optimal dose, with inhibitory or even detrimental
effects at higher exposure levels [17]. Producing the maximal
benefit may require balancing multiple parameters such as
energy density and irradiation time [17].

BMP-2 is a growth factor involved in skeletal development
and bone repair belonging to the transforming growth factor-
B (TGF- B) superfamily [19-21]. Mesenchymal cells of the
osteoblast lineage differentiate through a series of progenitor
stages to form functional, secretory osteoblasts [20,21]. In
this process, BMP-2 acts as a chemoattractant for
osteoprogenitor cells and drives differentiation of
preosteoblasts by binding cell surface serine/threonine kinase
receptors [22,23]. Mature osteoblasts assume a cuboidal
shape, become polarized with distinct apical and basolateral
surfaces, attach via noncollagen proteins such as osteopontin,
and lay down organic matrix rich in type I collagen [24-26].
Nd:YAG laser energy may  stimulate = BMP-2
expression/secretion and enhance bone regeneration through
multiple mechanisms [27,28]. In equine mesenchymal stem
cell cultures, Nd:YAG laser stimulation significantly
increased interleukin (IL)-10 and vascular endothelial growth
factor (VEGF) without increasing cell proliferation [29]. In a
rat femur model, Q-switched Nd:YAG laser stimulation
increased osteoblast activity and decreased osteoclast
number, resulting in significantly greater bone volume,
trabecular thickness, and bone mineral density compared with
controls [30]. In critical sized rat and rabbit calvarial defect
models, Nd:YAG laser stimulation has accelerated bone

formation compared with controls [31]. Nd:YAG laser effects

on BMP-2 secretion may partially account for this
observation. In preosteoblasts (MC3T3-E1 cells), Nd:YAG
laser energy has increased BMP-2 gene expression and
protein levels [11]. Laser stimulation alone or exposure to
exogenous BMP-2 (100 ng/ml) produced comparable
expression of the upstream regulator cbfal in MC3T3-El
cells, while combination of Nd:YAG laser exposure and
exogenous BMP-2 produced synergistic increases in ALP
activity and expression of genes involved in bone repair such
as IGF-1 and cbfal [11]. Nd:YAG laser exposure may also
promote differentiation of osteoblast-like (MG-63) cells, as
assessed by cell morphological changes observed in scanning
electron microscopy and osteocalcin gene expression [17].

Contrary to findings of Kim et al.,[11]. consistent increases
in BMP-2 secretion in laser-exposed cell cultures were not
observed in the current investigation. Differences in target
cell types and laser irradiation parameters may account for
these discordant observations. The MC3T3-E1 cells utilized
in the former study are osteoblast precursors, whereas MG-
63 cells, considered “osteoblast-like,” derive from
osteosarcoma [28]. Normal human osteoblasts are not
terminally differentiated but are post-mitotic [28], and one of
the important physiologic effects of BMP-2 is to induce
differentiation of preosteoblasts to produce functional
osteoblasts [1-3]. Thus, MG-63 and MC3T3-El cells may
respond differently to exogenous BMP-2 or Nd:YAG laser
stimulation. Additionally, BMP-2 expression/secretion may
represent another outcome exhibiting a biphasic response.
The exposure levels applied herein may have exceeded the
optimal dose for the outcome of interest. Moreover, the
irradiation parameters used in the current study may have
induced photothermal in addition to photochemical and

photophysical effects.

Conclusion

In MG-63 osteoblast-like cells, statistically significant
increases in cell proliferation were observed 24 and 72 hours
following Nd:YAG laser stimulation. However, Nd:YAG
laser irradiation did not consistently influence BMP-2
secretion under the described experimental conditions.
Cellular responses to Nd:YAG laser energy may be

exquisitely dependent upon irradiation parameters, and
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overexposure may produce inhibitory effects.

Additionally, the observed effects of Nd:YAG laser
irradiation may vary considerably depending upon the target
cell type.
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