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Photobiomodulation combined with adipose-derived stem cells
encapsulated in methacrylated gelatin hydrogels enhances in vivo
bone regeneration
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Abstract

Reconstruction of bone defects is still a significant challenge. The aim of this study was to evaluate the effect of application of
photobiomodulation (PBM) to enhance in vivo bone regeneration and osteogenic differentiation potential of adipose-derived
stem cells (ADSCs) encapsulated in methacrylated gelatin (GEL-MA) hydrogels. Thirty-six Sprague-Dawley rats were randomly
separated into 3 experimental groups (n = 12 each). The groups were control/blank defect (I), GEL-MA hydrogel (II), and ADSC-
loaded GEL-MA (GEL-MA+ADSC) hydrogel (III). Biparietal critical sized bone defects (6 mm in size) are created in each
animal. Half of the animals from each group (n = 6 each) were randomly selected for PBM application using polychromatic light
in the near infrared region, 600-1200 nm. PBM was administered from 10 cm distance cranially in 48 h interval. The calvaria
were harvested at the 20th week, and macroscopic, microtomographic, and histologic evaluation were performed for further
analysis. Microtomographic evaluation demonstrated the highest result for mineralized matrix formation (MMF) in group III.
PBM receiving samples of group III showed mean MMF of 79.93+3.41%, whereas the non-PBM receiving samples revealed
mean MMF of 60.62+6.34 % (p=0.002). In terms of histologic evaluation of bone defect repair, the higher scores were obtained
in the groups II and I1I when compared to the control group (2.0 for both PBM receiving and non-receiving specimens; p<0.001).
ADSC-loaded microwave-induced GEL-MA hydrogels and periodic application of photobiomodulation with polychromatic
light appear to have beneficial effect on bone regeneration and can stimulate ADSCs for osteogenic differentiation.
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suitably coalesce with the main tissue; therefore, they are ca-
pable and useful materials for tissue engineering [6]. Gelatin is
derived from collagen and has a nearly same fundamental
molecular unit of collagen [7]. However, it is necessary to
develop bioactive gelatin by functionalization with acrylic
groups. Methacrylated gelatin (GEL-MA) is formed by chem-
ical bonding of methacrylate groups and the amine-containing
side groups of gelatin. GEL-MA can be chemically
crosslinked with the addition of a photoinitiator by UV [8].
In our group, it was previously reported that microwave-
induced methacrylated gelatin (Mw-GEL-MA) enhanced
stiffness and degradation of gelatin and also supported
in vitro bone tissue formation. In addition, GEL-MA and its
modified forms, which can be photo-crosslinked, have also
been used for bioprinting systems [9].

Light energy was initially used by Mester [10] for regen-
erative purposes by application of low-level laser therapy
(LLLT) and had been in use for various purposes for more
than 40 years [11]. Currently, many variations of laser thera-
pies have evolved and “photobiomodulation” (PBM) became
the general term used to define the use of related light sources
such as incoherent light (light-emitting diodes—LED) or co-
herent light (laser) sources for regenerative purposes [12, 13].
On the cellular level, PBM is well known to stimulate the
mitochondrial respiratory chain reactions [14], increase the
synthesis of ATP [15], and increase the intracellular produc-
tion of nitric oxide and therefore activates angiogenetic path-
ways and increases wound healing on tissue level [16].
Overall effects of PBM are stimulation of collagen synthesis
[17], cell proliferation [17, 18], cell differentiation [17, 19,
20], and platelet activation [15]. This effect depends on the
type of source of used and the wavelength applied for the low-
level light therapies. Even though the regenerative effect of
PBM has been observed in several studies, the effect of appli-
cation of PBM as polychromatic light in the near infrared
region on the differentiation of ADSCs is still uncertain [21,
22].

Recently, application of polychromatic light in wider spec-
trum including near infrared (NIR) wavelengths is proposed
for optimal benefit [23]. In this study, we applied a combined
strategy using therapeutic cells (ADSCs) encapsulated biomi-
metic Mw-GEL-MA hydrogel and polychromatic light in the
NIR to improve in situ bone regeneration and observe osteo-
genic differentiation of ADSCs.

Materials and methods

Synthesis of methacrylated gelatin and formation of
GEL-MA hydrogels

GEL-MA was synthesized via the microwave-induced
methacrylation reaction according to previous report of our
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group [9]. Briefly, type A gelatin solution (10%, w/v) was
obtained dissolving it in phosphate-buffered saline (PBS,
pH: 7.4) at 50 °C. Reaction was realized into a microwave
synthesis device (Milestone, Italy) at 50-60 °C. Methacrylic
anhydride (4%, v/v) was injected at the ratio of 0.4 mL/min to
the solution by a syringe pump. Microwave irradiation was
used for 5 min at 1000 W power. For the purifying of Gel-
MA, at the end of the reaction, the Gel-MA solution was
transferred to dialysis membrane and dialyzed against deion-
ized water for 1 day at 40 °C. Then, the purified product was
freeze dried. The degree of methacrylation (DM) was deter-
mined as 90% via "H-NMR spectroscopy in deuterium oxide
at 40 °C [9]. For animal experiments, GEL-MA (15%, w/v)
was dissolved in Irgacure (photo initiator) solution (0.3%,
v/v). GEL-MA hydrogel solution (pH 7.0) was slowly
injected (nozzle tip diameter 2 mm) to cranial defects at a
volume of 50 uL. Immediately after the injection, hydrogels
were crosslinked via a UV-A (300-500 nm, 200 mW/cm?,
Tanses Technologies, Canada) for 40 s.

SEM analysis and live-dead assay

Freeze dried and gold—palladium coated GEL-MA hydrogels
were viewed via a scanning electron microscopy (SEM, Zeiss,
Germany).

ADSC-loaded hydrogels were incubated in a growth me-
dium of «-MEM with 15% (v/v) serum, 0.4% (v/v) penicillin-
streptomycin, 0.2% v/v amphotericin B, and 0.2% v/v genta-
micin in the CO, incubator at 37 °C. Live/dead analysis was
performed on the 1st day of culture. The cell-loaded hydrogels
were incubated in 2 uM Calcein AM and 4 uM ethidium
homodimer (Ethd-1) solution for 30 min. After washing with
PBS (pH 7.4), hydrogels were visualized via a confocal mi-
croscope (CLSM, Zeiss, LSM 510, Germany). Images taken
from the top, middle, and bottom parts of the hydrogels were
analyzed via Imagel software, and cell viability (%) was
calculated.

Preparation of adipose-derived mesenchymal stem
cell-loaded GEL-MA hydrogels

ADSCs used in the study are obtained from the perirenal ad-
ipose fat pad of Sprague-Dawley rats. ADSC isolation proto-
col and characterization analysis in terms of confirmation of
cells were done in a previous study by our group [24]. «-
minimal essential medium enriched standard growth medium,
10% (v/v) fetal bovine serum (FBS), 0.1% (v/v) amphotericin
B, and 1% (v/v) penicillin-streptomycin were used for expan-
sion of ADSCs. Incubation conditions of the cells were 37 °C
with 5% CO, (Heraus Instruments, Germany). Third passage
ADSCs were used in this study. As described in “Synthesis of
methacrylated gelatin and formation of GEL-MA hydrogels,”
sterile conditions were obtained for preparation of the GEL-
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MA hydrogel solutions. ADSCs (1 x 10° cells/mL) were gent-
ly dispersed into sterile Gel-MA hydrogel solutions, and the
temperature of the syringe was kept at 35-37 °C via the
heating pad to minimize the shear stress that develops on the
cells. ADSC-loaded GEL-MA hydrogel solutions were
injected to defect as described in “Synthesis of methacrylated
gelatin and formation of GEL-MA hydrogels” (Figs. 1a and
2a).

Labeling of adipose-derived mesenchymal stem cells
with bromodeoxyuridine

Bromodeoxyuridine reagent (BrdU, Invitrogen Life
Technologies, USA) is a thymidine analogue was used for
labelling of ADSCs in vivo. Briefly, BrdU was diluted in
1:100 (v/v) with cell culture medium. Then, culture medium
of ADSCs was changed with the diluted BrdU solution. The
ADSCs were incubated in the diluted BrdU solution for 2 h at
37 °C.

Animal model and surgical procedure
Thirty-six non-immunosuppressed Sprague-Dawley rats (250

to 350 g) were used. All animals were fed ad libitum and kept
in 12 h day/night cycle. The animals were kept at standardized
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Sprague-Dawley Rat

Filling defect with ADSC
loaded GEL-MA solution

Fig. 1 Schematic diagrams of bone regeneration combined with ADSC-
encapsulated GEL-MA hydrogels by photobiomodulation. a Filling rat
calvarial defects with ADSC-loaded GEL-MA solution. b
Photocrosslinking of GEL-MA solution with UV light source (300-500
nm). It is applied for 40 s to calvarial bone defects. ¢ PBM is managed via

Photo-crosslinking of
GEL-MA

temperature and humidity environment at Hacettepe
University Animal Research Center.

Animals (36) were randomly separated into 3 experimental
groups (n = 12 each). The groups were control/blank defect
(I), methacrylated gelatin (GEL-MA) hydrogel (II), and
ADSC-loaded GEL-MA (GEL-MA+ADMSC) hydrogel
(IIT). Half of the animals from each group (n = 6 each) were
randomly selected for polychromatic light application. These
animals received PBM in 48 h interval for 20 weeks while the
other half did not (Table 1).

Intraperitoneal administration of xylazine (12.5 mg/kg) and
ketamine hydrochloride (87.5 mg/kg) mixture was used for
induction of general anesthesia. Sterile conditions were ob-
tained for the whole surgical procedure. After complete shav-
ing the surgical site was prepped with povidone iodine anti-
septic solution (Baticon; Drogsan, Turkey). V-shaped incision
at the dorsum of the scalp was planned for access; lamination
of the tissue planes was done for separate elevation of scalp
flap and the periosteum. Dental burr was used for creation of
symmetric two round critical sized bone defects at the parietal
bones (6 mm in diameter) (Fig. 1a). Surgical approach was
done delicately to keep dura mater was intact in all animals.
Depending on the experimental group, ADSC-loaded GEL-
MA hydrogel solution was injected to cranial defects at a
volume of 50 pL via a micropipette (Eppendorf Research,

Plasma-arc light source
(PAC)
600-1200 nm (NIR)

Photobiomodulation
(PBM)

a polychromatic light source (600- to 1200-nm wavelengths). Standard
protocol involves application of PBM from 10 cm distance cranially in
48 h interval in animals receiving PBM. d Micro CT results of mineral-
ized matrix formation. Control/blank defect (PBM-) and GEL-MA+
ADSC hydrogel (PBM+), respectively
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Fig. 2 a Biparietal critical sized
calvarial bone defect. Note that
the methacrylated hydrogel tissue
scaffold is applied to both defects
(50 uL). b Application of UV
light for photocrosslinking. ¢
Methacrylated hydrogel used in
the study. d Scanning electron
micrograph (SEM) images of mi-
crowave assisted methacrylated
gelatin (GEL-MA) hydrogels
x500 magnification, inset; porous
structure of hydrogel (x5000
magnification). e Live-dead as-
say: [llustrative fluorescent image
of labeled ADSCs in the GEL-
MA hydrogel on day 1 (scale bar
50 um). Live cells appear in
green, and dead is red

Sigma-Aldrich, Germany) (Fig. 2a) and UV light (300-500
nm) was applied for crosslinking of the hydrogel (Figs. 1b and
2b). Scalp flap was redraped and skin repair was done using
absorbable sutures. Sacrification of the animals was done 20
weeks after surgery with overdose application of the previous-
ly mentioned general anesthetic mixture. The calvarium was
harvested as a whole, and macroscopic, microtomographic,
and histologic evaluations were performed for further analysis
(Fig. 1d).

Application of polychromatic light

PBM is administered via a polychromatic light source
(Collagentex RX-1, Collagentex®, Tanses Technologies,
Montreal, Canada) which is able to provide light energy with
633-, 666-, 712-, 812- 1018-, and 1128-nm wavelengths. The
device itself is able to block any emission below 600 nm and

Table 1 Experimental groups of the study. The groups were control/
blank defect (I), methacrylated gelatin (GEL-MA) hydrogel (II), and
ADSC-loaded GEL-MA (GEL-MA+ADMSC) hydrogel (III). Half of
the animals from each group (n = 6 each) were randomly selected for
PBM application (GEL-MA: methacrylated gelatin hydrogel tissue scaf-
fold, GEL-MA+ADSC: methacrylated gelatin hydrogel tissue scaffold
loaded with adipose-derived mesenchymal stem cells, PBM:
photobiomodulation, PBM-: non-PBM receiving, PBM+: PBM receiv-
ing, n: sample size)

Groups PBM- (n) PBM+ (n) Total (n)
1. Control 6 6 12
II. GEL-MA 6 6 12
1. GEL-MA+ADSC 6 6 12
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above 1200 nm. Specially doped quartz plasma arc lamp with
a band pass filter and reflector system integrated to the device
utilizes 685 W of power into 600- to 1200-nm wavelengths of
visible light and infrared light. The light intensity from the
outer acrylic shield at 20 c¢m distance is 2.6 J/cm® min. Our
standard protocol involves application of PBM from 20 cm
distance cranially for 10 min in each session. Thus, total dose
received for single session of PBM application is 26 J/ecm®.
Sessions are planned in 48 h intervals in animals receiving
PBM through the experimental period (Fig. 1c). The first
PBM application after surgical intervention took place under
anesthesia, whereas the following PBM applications did not
require anesthesia.

Microcomputerized tomography analysis

Whole calvarium specimens obtained with sacrification were
placed in and kept in phosphate formalin solution (10%) for
fixation. Compact X-ray microcomputerized tomography
(microCT) device (Skyscan 1174; Bruker, Belgium) was used
for imaging of the specimens. The raw data was reconstructed
for obtaining 2D/3D images (Fig 1d). These reconstructed
images were analyzed (Skyscan CT-analyzer; Bruker,
Belgium) to calculate the percent of mineralized matrix for-
mation (MMF) and the microporosity (MP) for both quantita-
tive and qualitative analyses of bone formation in the area of
interest.

Histological analysis

De Castro solution was used for decalcification of the calvarial
bone samples. Protocol involves steps of fixation, dehydration
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of bones in ethanol, clearance in xylene, and embedding in
paraffin. Longitudinal sections of 5-pum thickness were ob-
tained using a microtome (Leica Microsystems, Germany).
The samples were stained with hematoxylin-eosin and
Masson trichrome stains. ADSC containing samples were ad-
ditionally immunohistochemically stained to trace the cells
labeled with BrdU in vivo. A modified scoring system [25]
was used for evaluation (Table 2).

Statistical analysis

Statistical analysis was done using SPSS for Windows 25.0
(Statistical Package for Social Sciences; IBM Corporation,
USA). Shapiro-Wilk test was used for assessment of distribu-
tion, and the homogeneity of the variances was tested using
Levene tests. For evaluation of the microtomographic analy-
sis, independent samples T test was used, whereas for the
evaluation of histological analysis, Mann-Whitney U test with
Monte Carlo simulation was used. Post hoc analysis was made
using the Fisher least significant difference (LSD) and the
Dunn tests. Descriptive statistical values were expressed as
medians * interquartile range and the categorical values were
expressed as n (%). p values less than 0.05 were considered as
statistically significant.

Results
Hydrogel formation and characterization

At the first step of hydrogel formation, gelatin was
methacrylated successfully (DM>90%) and rapidly (in 5 min)
by microwave energy. Then, microwave-induced GEL-MA
hydrogels was covalently crosslinked via application of UV
light for 40 s and stable GEL-MA hydrogels were obtained
(Fig. 2 a, b, and c¢). Microwave-induced GEL-MA hydrogels
were characterized in terms of mechanical and biomimetic
properties in a previous study by our group [9]. It was demon-
strated that compression module of GEL-MA hydrogel is 60.3
+9.0 kPa. Besides, in rheological studies, storage and loss mod-
ules were obtained as 41.1 and 0.1 kPa, respectively at frequen-
cy of 100 rad/s [9]. Also it was determined that GEL-MA
hydrogels less degraded after 35 days in collagenase solution

Table 2

[9]. In this study, interconnected pore structure of GEL-MA
hydrogels was confirmed by SEM and average pore diameters
of the freeze-dried hydrogels were confirmed as 65 um by
using ImagelJ (Fig. 2d). Fluorescent images showed that cells
were homogeneously dispersed in hydrogel. ADSC viability
was determined higher than 90% (Fig. 2e).

Results of in vivo study

Sacrification of the animals was done 20 weeks after surgery
with overdose application of the previously mentioned general
anesthetic mixture. The calvarium was harvested as a whole,
and macroscopic, microtomographic, and histologic evalua-
tions were performed for further analysis.

Macroscopic evaluation

Macroscopic evaluation of the control group revealed only
granulation and showed no signs of total bone regeneration.
Among all specimens none of them revealed signs of infection
of foreign body reaction. Among the specimens of groups II
and III (other than the control group), no obvious difference
was observed with macroscopic view. The hydrogel scaffolds
were not totally resorbed and were observed at the center of
the defects at the end of the 20th week (Fig. 3a—f).

Microcomputerized tomography analysis

Two-dimensional images are further reconstructed to 3D im-
ages (Fig. 3a—f), and the samples are evaluated for mineralized
matrix formation and microporosity in the bone defect areas
(Table 3).

At the end of the 20th weeks, means of both MMF and MP
for both PBM receiving and non-receiving samples of all
groups demonstrated better healing than the control group (p
< 0.001). For MMF, highest result was observed in group III
(GEL-MA+ADSC). The non-PBM receiving samples of this
group revealed mean MMF of 60.62+6.34%, whereas the
PBM receiving samples showed mean MMF of 79.93
+3.41% (p=0.002). Post hoc comparison of the groups II
(GEL-MA) and III (GEL-MA+ADSC) revealed significant
difference among the MMF results of PBM receiving samples

Histological scoring system modified from previous studies of Bolgen et al. [25] was used in this study. This involves evaluation of new bone

formation in the original defect and fibrous connective tissue formation in response to application of the experimental process

Parameter Scores

0 1 2 3
New bone formation None Mild (<%50) Moderate (>%50) Full (100%)
Fibrous connective tissue formation None Mild to moderate formation Moderate to dense formation Dense formation
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Fig. 3 Macroscopic appearances (left) and microtomographic images
(right) of the specimens at the end of the 20th week demonstrating the
bone healing at the end of the 20th week. a Control/defect (PBM-). b
Methacrylated gelatin hydrogel (PBM-). ¢ ADSC-loaded methacrylated

(p<0.001), whereas the results of non-PBM receiving samples
were found to be comparable (p=0.237).

In means of MP, all groups demonstrated better healing
than the control group (p < 0.001). Control group demonstrat-
ed the highest microporosity rates (71.74%+11.93 for non-

Table 3  Results of microtomographic evaluation at the end of 20
weeks. At the end of the 20th weeks, means of both MMF and MP for
both PBM receiving and non-receiving samples of all groups demonstrat-
ed better healing than the control group (p < 0.001). For MMF, highest
result was observed in group Il (GEL-MA+ADSC). Post hoc compari-
son of the groups Il (GEL-MA) and III (GEL-MA+ADSC) revealed

gelatin hydrogel (PBM-). d Control/defect (PBM+). e Methacrylated gel-
atin hydrogel (PBM+). f ADSC-loaded methacrylated gelatin hydrogel
(PBM+)

PBM receiving, 69.18%+4.65 for PBM receiving samples),
and the results were found to be comparable in means of
PBM application (p=0.601). Post hoc comparison of the MP
rates of PBM non-receiving samples of groups II and III were
found to be comparable (p=0.238), whereas MP rates of PBM

significant difference among the MMF results of PBM receiving samples
(p<0.001), whereas the results of non-PBM receiving samples were found
to be comparable (p=0.237). Post hoc comparison of the MP rates of
PBM non-receiving samples of groups II and I1I was found to be compa-
rable (p=0.238), whereas MP rates of PBM receiving samples of groups 3
were found to be significantly better than the results of group II (p<0.001)

Microporosity % P Mineralized matrix formation % p
PBM- PBM+ PBM- PBM+
Mean+SD Mean+SD Mean+SD Mean+SD
GEL-MA+ADSC (A) 39.38+6.34 20.08+3.41 0.002" 60.62+6.34 79.93+3 .41 0.002"
Gel-MA (B) 45.69+7.37 31.98+4.88 0.008' 54.30+7.35 68.02+4.88 0.008'
Control (C) 71.74+11.93 69.18+4.65 0.601" 28.60+11.94 30.82+4.65 0.643"
p value <0.0012 <0.0012 <0.001% <0.001%
Pairwise comparison
A—B 0.238 <0.001 0.237 <0.001
A—C <0.001 <0.001 <0.001 <0.001
B—C <0.001 <0.001 <0.001 <0.001

SD standard deviation
! Independent samples 7 test (bootstrap)

2 One-way ANOVA (Brown-Forsythe); post hoc test: Fisher’s least significant difference (LSD)

Significant values are marked as bold for receiving attention
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receiving samples of groups 3 were found to be significantly
better than the results of group II (p<0.001).

Histological analysis

Histologic samples of groups I (control), II (GEL-MA), and
I (GEL-MA+ADSC) are demonstrated depending on their
PBM application in Figs. 4a—h and 5a—h. The control group,
which only has critical sized bone defects, has a thin mem-
brane of granulation tissue at the border of the filling the
cavity and whether PBM received or not did not demonstrate
new bone formation. The groups II and III demonstrated signs
of new bone formation and demonstrated regular and irregular
collagen reorganizations. At the end of 20 weeks, the rem-
nants of GEL-MA hydrogel were still observable in the histo-
logic specimens. Immunohistochemical staining shows the
presence of BrdU-positive ADSCs at the periphery of hydro-
gel, in the zones of dense connective tissue, and new bone
formation (Figs. 4g—h and 5g-h).

In order to further evaluate the samples at the end of the
20th weeks and compare the impact of PBM on healing pro-
files, a modified scoring system involving assessment of
“bone defect repair” and “fibrous connective tissue formation”
was used (Table 4).

In terms of bone defect repair, the highest scores were
obtained in the groups II and I when compared to the control
group (2.0 for both PBM receiving and non-receiving speci-
mens; p<0.001). In respect to application of PBM, bone defect
healing results of groups II and III were also found to be
comparable (p=0.542 and p=0.999, respectively).

In means of fibrous connective tissue formation, the
highest result was obtained in the group III (GEL-MA+
ADSC), and it was significantly higher than the control group
for both PBM receiving and non-receiving samples (p
<0.001). The post hoc analysis revealed no significant differ-
ence between the results of groups II and I1I in means of PBM
application (p=0.403 and p=0.776, respectively). On the other
hand, post hoc analysis of stem cell loaded samples of group
I demonstrated significantly better healing in PBM received
samples when compared to the control group (p=0.015),
whereas PBM received samples of group II did not (p=0.570).

Discussion

Bone tissue engineering, intending to provide readily avail-
able substitute for replacing tissue defects, has grown a great
attention throughout the recent decades as current surgical
reconstruction options such as autologous bone grafting, dis-
traction osteogenesis, microvascular transfer of bone flaps,
and composite tissue transplantation still have significant lim-
itations and drawbacks [26-28].

Success in bone tissue engineering necessitates well appre-
ciation of tissue healing and bone regeneration steps [29].
Ideal construct should meet the criteria of being
osteoinductive as well as being osteoconductive [30]. From
this standpoint, current approach focuses on the integration of
cellular strategies [31, 32]. In the early of 2000s, Zuk et al. [33,
34] introduced adipose tissue as a reserve for mesenchymal
stem cells and, with the discovery of ADSCs, many studies
aiming to integrate these cells to tissue engineering strategies
had been made. Besides their potential for tissue regeneration
as stem cells can differentiate to various cells, osteogenic
transformation has been the main topic of interest for bone
tissue engineering strategies. Using special culture media, os-
teogenic transformation of ADSCs in vitro has been success-
fully achieved, whereas differentiation of ADSCs in vivo may
need induction with special agents [35].

PBM is an adjunctive procedure used for accelerating re-
generation for more than forty years. Initially, Mester [10, 36,
37] introduced photoenergy to have a beneficial effect on all
phases of wound healing [38]. Later on, it is demonstrated that
photons induce mitochondrial cytochrome ¢ oxidase and in-
duce series of respiratory chain reactions, which significantly
increase intracellular levels of ATP, reactive oxygen species,
and nitric oxide, leading to increased proliferation, epitheliza-
tion, and angiogenesis [39, 40].

However, the application of PBM is not as simple as de-
scribed. The modality of light source selected and the wave-
length applied on the tissue are two major determinants of the
regenerative outcome. Although application of PBM is ex-
pected to increase the regeneration [41], another light source
carbon dioxide laser is used for nonsurgical debulking of flaps
[42]. The spectrum of wavelength to be applied ranges from
390 to 1100 nm, and various effects on different tissues had
been obtained. The light sources also varies being coherent
and non-coherent and involves low-level laser devices, fil-
tered lamps or light emitting diodes (LEDs). PBM is applied
via relatively novel approach using a polychromic light source
capable of applying light energy in extremely wide spectrum
from 600 to 1200 nm.

The main aim of the study was to investigate the effect of
polychromatic light applied in NIR and provide a baseline to
compare the outcomes with conventional devices on bone
regeneration and osteogenic induction of ADSCs. The
critical-sized bone defect model, used in this study, is not
expected to heal on its own and was initially described by
Hollinger [43, 44]. For the reconstruction of the defect,
GEL-MA hydrogel was used. GEL-MA is composed of
chemical functionalization of methacrylic anhydride with type
A gelatin [45, 46]. Gelatin, being obtained from denaturation
of collagen, is a component of ECM and therefore it is highly
osteoinductive [47, 48]. Functionalization with MA provides
to photo-crosslinkable form to the gelatin, and it enables
osteoconductivity for bone tissue engineering studies [8].
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Fig. 4 Histological appearances
of the non-PBM receiving (PBM-
) specimens at the end of the 20th
week. a, b Control group (PBM-).
The defect cavities are not filled
with granulation tissue. At the
border of the bone, dense con-
nective tissue has started to form
indicating new bone formation
(arrows). D, defect. a
Hematoxylin-eosin staining x4. b
Masson trichrome stain x10. ¢, d
Methacrylated gelatin hydrogel
(PBM-). The defect cavity is filled
methacrylated gelatin hydrogel.
Hydrogel filled cavities are
surrounded by new bone forma-
tion (marked as B). Dense con-
nective tissue (marked as CT)
formation around the hydrogel
filling the defect cavity.
Hydrogel-filled cavities are
surrounded by new bone forma-
tion (marked as B). ¢
Hematoxylin-eosin x10. d
Masson trichrome x20. e, f
ADSC-loaded methacrylated gel-
atin hydrogel (PBM-). Dense
connective tissue (marked as CT)
almost fills the defect cavity
around the hydrogel. New bone
(marked as B, arrows) is devel-
oping around and in the hydrogel
replacing as it degradates. e
Hematoxylin-eosin. e x4. f
Masson trichrome x20. g, h
ADSC-loaded methacrylated gel-
atin hydrogel (PBM-). Both of the
defect cavities are filled with
dense connective tissue except the
central region.
Immunohistochemical staining
confirms presence of BrdU-
labeled stem cells in the central
connective tissue formation zone.
Anti-BrdU indirect immune per-
oxidase. g x4. h x40

Mw-induced methacrylated hydrogels is eligible for long-
term regeneration studies because it enables ideal mechanical
stability and biodegradation rate [9]. Microwave-induced
methacrylated gelatin (Mw-GEL-MA) is firstly introduced
with our study group [9]. It was proved that, in contrast to
the limitations of the conventional methacrylation method,
this approach provided rapid functionalization of the gelatin
and leaded to higher degree of methacrylation. Besides, it was
showed that Mw-GEL-MA hydrogels and their
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polymerization conditions are suitable in terms of cell viability
and differentiation of pre-osteoblastic cells [9].

Analysis of the microtomographic evaluation revealed that
significantly better mineralized matrix formation in both GEL-
MA and GEL-MA+ADSC applied samples when compared to
the control group. The highest rate of mineralized matrix forma-
tion was observed in the PBM applied GEL-MA+ADSC group.
When the PBM application is taken in consideration, the PBM
receiving samples demonstrated significantly better mineralized



Lasers Med Sci

Fig. 5 Histological appearances of the PBM receiving (PBM+)
specimens at the end of the 20th week. a, b Control group (PBM+).
Both of the defect cavities (marked as D) are filled with granulation
tissue and surrounded by dense connective tissue (marked as CT) and
new bone formation (marked as B). a Hematoxylin-eosin x4. b Masson
trichrome x10. ¢, d Methacrylated gelatin hydrogel (PBM+). Defect cav-
ity (marked as D) is filled with methacrylated hydrogel. Vascular dense
connective tissue (marked as CT) in the defect cavity is surrounded by
new bone formation (marked as B) (marked as D). Defect cavity is filled
with calcified and non-calcified bone spicules except the mid-region in
another subject. ¢ Hematoxylin-eosin x4. d, e Masson trichrome. d x10.
e, f ADSC-loaded methacrylated gelatin hydrogel (PBM+). Both defect

cavities (marked as D) are filled methacrylated hydrogel surrounded by
new bone formation (marked as B). The cavity is filled with dense con-
nective tissue (marked as CT). New bone (marked as B) spicules is pres-
ent in the connective tissue. Newly formed membranous bone is observed
around the defect adjacent to calcified bone. e Hematoxylin-eosin x4. f
Masson trichrome x10. g, h ADSC-loaded methacrylated gelatin hydro-
gel (PBM+). Immunohistochemical staining demonstrates
bromodeoxyuridine and adipose-derived mesenchymal stem cells around
the remnants of tissue scaffold, at the site of new bone formation (marked
as B), and dense connective tissue formation. Note the relative abundance
of the BrdU-positive ADSCs at the PBM receiving group. Anti-BrdU
indirect immune peroxidase. g x4. h x20
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Table 4 Results of histologic evaluation at the end of 20 weeks. In
terms of bone defect repair, the highest scores were obtained in the
groups II and III when compared to the control group (2.0 for both
PBM receiving and non-receiving specimens; p<0.001). In respect to
application of PBM, bone defect healing results of groups II and 11 were

also found to be comparable (p=0.542 and p=0.999, respectively). In
means of fibrous connective tissue formation, the highest result was ob-
tained in the group III (GEL-MA+ADSC), and it was significantly higher
than the control group for both PBM receiving and non-receiving samples
(p <0.001)

New bone formation

PBM-
Med. (min/max)

PBM+
Med. (min/max)

P Fibrous connective tissue formation P

PBM-
Med. (min/max)

PBM+
Med. (min/max)

GEL-MA+ADSC (A) 2(1/2) 2(2/3)
Gel-MA (B) 2(1/2) 2(2/2)
Control (C) 0 (0/0) 0 (0/1)
p value <0.001> <0.001>
Pairwise comparison

A—B 0.999 0.999
A—C 0.003 0.001
B—C 0.003 0.005

0.542! 222) 3 (2/3) 0.062!
0.999! 2(12) 2.5 (2/3) 0.277"
0.458! 1(1/1) 2(1R) 0.062!

0.002> 0.019°

0.776 0.403

0.001 0.015

0.024 0.570

Med. median, min minimum, Max maximum
! Mann-Whitney U test(Monte Carlo)
2 Kruskal-Wallis test (Monte Carlo); post hoc test: Dunn’s test

Significant values are marked as bold for receiving attention

matrix and microporosity profiles. Interestingly, in the control
group, PBM receiving and PBM non-receiving samples revealed
comparable results.

Analysis of histologic evaluation demonstrated a thin mem-
brane of dense connective granulation tissue in the control group
and samples of this group did not show signs of bone healing.
According to the standardized scoring system used in the study, in
means of new bone formation and fibrous connective tissue for-
mation, the GEL-MA and GEL-MA+ADSC groups revealed bet-
ter healing results when compared to control group. Microscopic
observations revealed better bone formation in ADSC containing
groups especially in PBM receiving samples. Although the highest
scores in means of new bone formation and fibrous connective
tissue formation were observed in the GEL-MA+ADSC group,
the pairwise comparison of groups with each other did not show
significantly better results among the samples of GEL-MA and
GEL-MA+ADSC groups. In contrast to the microtomographic
evaluation, PBM receiving and PBM non-receiving samples dem-
onstrated comparable results among all groups.

Determining the ideal time period for evaluation of late
term bone healing in experimental studies depends on several
factors. One of them is the biodegradation kinetics of the tis-
sue scaffold. It is expected that the construct degradates as the
tissue is healing, and the goal is the total replacement of the
biomaterial as the regeneration takes place. Another leading
determinant of bone healing is the regenerative capacity of the
biological microenvironment. ADSCs are well known for
their higher regenerative capacity and longer life span. In this
study, the samples were obtained following intermittent appli-
cation of PBM for overall duration of 20 weeks to investigate
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the late term effect of PBM on ADSCs. Total bone healing is
not expected to be observed despite this long period due to the
preference of critical-sized bone defect model of Hollinger
[44]. The main outcome is reached depending on the compar-
ison of the healing profiles of the experimental groups.

ADSCs being ubiquitous and easily accessed became of the
most promising cell populations for regenerative purposes [49].
Subcutaneous adipose tissue from various sites such as abdomen,
thigh, or arms is the best known and widely accepted donor sites
for ADSC harvest, whereas there is growing interest for harvest-
ing this cell population from visceral adipose cell sources [50].
Visceral adipose tissue is also known for high content of white
adipose tissue which has relatively higher preference than brown
adipose tissue for regenerative studies [51]. Recent studies dem-
onstrated that adipose tissue located at different sites may have
distinct cellular compositions and diverse biological behavior.
Perirenal fat had been the source of the ADSCs used in the study,
and there are not many studies focusing on the effect of visceral
ADSCs compared to the stem cells harvested subcutaneously
[52]. Like ADSCs harvested from subcutaneous anatomical
areas, demonstrating in vivo osteogenic differentiation potential
of perirenal ADSCs is also one of the striking features of this
study.

Application of PBM in polychromatic fashion appears to
have a beneficial effect on bone regeneration in bone defects
reconstructed using GEL-MA and ADSC-loaded GEL-MA
hydrogels. Methacrylated gelatin hydrogel used in this study
revealed significant bone healing in both microtomographic
and histologic evaluation when compared to control groups.
Microwave-assisted synthesized GEL-MA appears to be a
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suitable composite for in vivo tissue engineering studies. On
the other hand, GEL-MA being still detectable at the end of 20
weeks displays a suboptimal biodegradation profile.
Immunohistochemically, the presence of ADSCs around the
remnants of the hydrogel in the zones of new bone formation
in the PBM receiving samples supports the hypothesis that
PBM may stimulate ADSCs for osteogenic differentiation.

Conclusion

This is a pioneer study for demonstrating the regenerative
effect of photobiomodulation with polychromatic light in the
NIR, and it is potential osteoinductive effect on adipose-
derived mesenchymal stem cells in vivo. Further studies will
clarify the intracellular mechanisms and side effect profile and
lead to clinical translation of photobiomodulation for bone
regeneration applications. Consequently, using ADSC-
loaded microwave-induced GEL-MA hydrogels and periodic
application of photobiomodulation with polychromatic light
appears to have beneficial effect on bone regeneration and can
stimulate ADSCs for osteogenic differentiation. On the other
hand, ADSC-loaded GEL-MA hydrogel system may be used
in situ bioprinting approach in which bone tissue is to be
printed directly on the intended anatomical location in the
living body.
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