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We assessed the combined impacts of human demineralized bone matrix (hDBM) scaffold, adipose-
derived stem cells (hADS), and photobiomodulation (PBM) on bone repair of a critical size femoral
defect (CSFD) in 72 rats. The rats were divided into six groups: control (group 1); ADS (group 2 - ADS
transplanted into hDBM); PBM (group 3 - PBM-treated CSFDs); ADS þ PBM in vivo (group 4 - ADS
transplanted into hDBM and the CSFDs were treated with PBM in vivo); ADS þ PBM in vitro (group 5 -
ADS were treated with PBM in vitro, then seeded into hDBM); and ADS þ PBM in vitroþin vivo (group 6 -
PBM-treated ADS were seeded into hDBM, and the CSFDs were treated with PBM in vivo. At the anabolic
phase (2 weeks after surgery), bone strength parameters of the groups 5, 6, and 4 were statistically
greater than the control, ADS, and PBM in vivo groups (all, p ¼ 0.000). Computed tomography (CT) scans
during the catabolic phase (6 weeks after surgery) of bone healing revealed that the Hounsfield unit (HU)
of CSFD in the groups 2 (p ¼ 0.000) and 5 (p ¼ 0.019) groups were statistically greater than the control
group. The groups 5, 4, and 6 had significantly increased bone strength parameters compared with the
PBM in vivo, control, and ADS groups (all, p ¼ 0.000). The group 5 was statistically better than the groups
4, and 6 (both, p ¼ 0.000). In vitro preconditioned of hADS with PBM significantly increased bone repair
in a rat model of CSFD in vivo.

© 2020 Elsevier Inc. All rights reserved.
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1. Introduction

Fractures are the most frequent daily large organ trauma in in-
dividuals [1]. Of the 6 million fractures that occur annually in the
United States [2], approximately 100 000 proceed to nonunion. $21
billion is paid to treat fractures annually. The bone nonunion is a
critical difficulty of fracture healing and a concern for surgeons [3].
Normal bone repair functions are not adequate to treat large bone
fractures and medical treatments are frequently required [4]. Bone
autografts and bone tissue engineering (BTE) are two treatment
choices [4].
-derived stem cells with photobiomodulation significantly increased
nd Biophysical Research Communications, https://doi.org/10.1016/
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The gold standard for treatment of bone nonunion comprises
surgical steadying and autologous bone transplantation. Nonethe-
less, side effects occur with procurement of the graft [5]. Compli-
cations might occur after successful autologous bone grafting.
Modeling an ideal BTE replacement would alleviate problems with
bone repair [6]. Successful and practical treatment of fractures is of
utmost importance to the patient, surgeon, and supportive orga-
nizations [2]. BTE intends to incorporate engineering technology
and the fundamentals of life sciences to improve methods for
restoration and repair of injured or missing bones [7]. BTE provides
the potential for stimulating bone repair and regeneration, and can
overcome some of the problems of existing methods. BTE usually
involves combining stem cells with scaffolds to restore lost bone
volume and growth factors to control cell-cell and cell-scaffold
communications in the defect. BTE has shownpromising results [8].

A demineralized bone matrix (DBM) scaffold is a bone graft
extension obtained from the skeleton of a cadaver and consists of a
type I collagen core in conjunctionwith several cytokines, including
bone morphogenetic proteins. These components give DBM
osteoconductive and osteoinductive properties [9]. However, re-
sults from other studies have shown that DBM possesses a limited
osteoinductive capacity [10].

It was proposed that adipose-derived stem cells (ADS) might be
the most suitable mesenchymal stem cells (MSCs) for BTE and
regenerative medicine protocols because of the enhanced culture
system expansion capability and restricted loss of differentiated
potential. ADSs can be isolated and harvested more easily, and
obtained in large amounts compared to other types of MSC [11].
However, characteristics such as the donor’s age or body weight
could adversely impact the nature and amount of harvested ADSs
[12]. In addition, decreased viability of implanted MSCs is a prob-
lem [13]. Enhancement of the survival of implanted MSCs could
improve their capability to produce bone [14,15].

One strategy to overcome poor stem cell engraftment and sur-
vival could be the use of photobiomodulation (PBM). PBM is the use
of light to stimulate healing, alleviate soreness, and decrease
inflammation [16]. PBM has been shown to encourage the prolif-
eration of numerous types of cultivated cells and MSCs. The
development of MSC-based remedies to moderate the regenerative
process through PBM holds great potential [17].

For the first time, we assessed the combined impact of human
(h)DBM, and hADS, and PBM on the anabolic and catabolic phases
of bone repair of a CSFD simulation through five different protocols.
The main goal of this study was to determine which of these
treatment protocols would significantly increase hADS function
and significantly enhance bone repair of the CSFD.

2. Materials and methods

2.1. Animals and study design

The IRB of Shahid Beheshti University ofMedical Sciences (SBMU)
approved this study (file no: IR.SBMU.RETECH.REC.1397.324). We
performedbilateralCSFDsurgeries in72maleWistar rats, followedby
implantation of hDBM into theCSFDsof each rat. The experimentwas
performed on six groups (n ¼ 12 per group), as follows: group 1
(control, C) rats with untreated CSFDs; group 2 (hADS) rats had only
hADS transplanted into hDBM of CSFD; group 3 (PBM) - CSFDs were
treated only with PBM; group 4 (hADS þ PBM in vivo) - hADS were
transplanted into hDBMand the CSFDwere treatedwith PBM invivo;
group5 (hADSþ PBM invitro) - hADSwere treatedwith PBM invitro,
then seeded into hDBMof CSFD; and group 6 (hADSþ PBM in vitroþ
in vivo) - PBM-treated hADS were seeded into hDBM and the CSFDs
were then treated with PBM in vivo.

At two and six weeks after CSFD surgery (anabolic and catabolic
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phases of bone healing), the rats were euthanized by CO2 inhalation
and the CSFDs were resected. The left CSFDs were used for the
biomechanical compression test and the right CSFDs were used for
computed tomography (CT) scanning protocol and Hounsfield unit
(HU) measurement.

2.2. Preparation of the human demineralized bone matrix (DBM)
scaffold

The sterilized hDBM was provided from the trabecular parts of
long bones of human cadavers and donated by Hamanand Saz Baft
Kish Company (TRC Corporation, Kish, Iran).

2.3. Field emission scanning electron microscopy (FESEM)

FESEM (Zeiss Ultra-Plus, Zeiss, Denmark) was applied at 10 Kv to
evaluate the pore sizes and morphology of the DBM scaffold. The
DBM scaffold was fixed and sputtered with a thin film of gold. Both
scaffold pore size and morphology were analyzed by Image J soft-
ware (NIH, USA, v1.018) (Fig. 1).

2.4. Isolation, expansion, and immunophenotyping of hADS

hADS was purchased from The Bank for Stem Cells of Royan
Institute (Tehran, Iran). We performed flow cytometry analysis to
characterize the ADS cells for MSC markers. Passage-3 ADS were
assessed for MSC markers by flow cytometry [18].

2.5. In vitro preconditioning hADS with PBM

A total of 1 � 105 passage-3 ADS were seeded in each well of a
24-well plate. Next, red laser plus near infrared laser (NILTVIR202
Noura Instruments, Tehran, Iran) were used every other day for a
total of three sessions. For each session, both the red and infrared
lasers were used immediately after each other. Table 1 lists the
in vitro PBM protocol specifications.

2.6. Seeding hADS on hDBM scaffolds of the experimental groups
and the MTT assay for hADS viability

The hDBM scaffolds were cut into cubes that were 3 � 3 mm in
width and 5 mm in thickness. One cube was transferred into one
well of a 24-well tissue culture plate. At 24 h after the last PBM
administration, 1 � 105 control and or preconditioned hADS in 10 l
were detached by trypsin and seeded in each hDBM scaffold in the
wells and incubated at 37 �C for 24 h. Finally, each cube of the
hDBM that contained hADSwas implanted into the CSFD of each rat
from groups 2 (hADS), 4 (hADS þ PBM in vivo), 5 (hADS þ PBM
in vitro), and 6 (hADS þ PBM in vitroþ in vivo). At the same time,
the cube of the hDBM (without hADS) was implanted into each
CSFD of rats from group 3 (hADS). In order to count viable cells of
the control and preconditioned hADS after implantation into the
hDBM scaffolds, we performed the MTT assay (3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide). In this
method, yellow MTT alters to purple formazan in the mitochondria
of viable MSCs. 24 h and 48 h to the laser radiation, the MTT test
was performed on hADSs. The wells were filled with 450 ml of new
in vitro medium plus 50 ml of MTT (5 mg∕ml, Sigma Aldrich Co., St.
Louis, MO, USA). After a 2-h incubation at 37 �C in 5% CO2, the MTT
solutionwas removed and the precipitated formazanwas dissolved
in 200 ml acidic isopropanol. Next, we read the absorbance of the
formazan solution in the wells with an enzyme-linked immuno-
sorbent assay (ELISA) reader at 570 nm and 620 nm wavelengths
using a microtiter plate reader (Anthos 2020 Microplate Readers,
Biochrom Ltd., UK), and optical density (ODs) was reported.
-derived stem cells with photobiomodulation significantly increased
nd Biophysical Research Communications, https://doi.org/10.1016/



Fig. 1. (A, B) Scanning electron microscopy photos of demineralized bone matrix scaffold that shows the pore sizes in microns. (C) A critical size femoral defect (CSFD) was created
in the distal femur. (D) One human demineralized bone matrix scaffold was implanted into each defect.

Table 1
Specifications of in vitro and in vivo photobiomodulation protocols.

Specifications of in vitro photobiomodulation

Laser type Wavelength
(nm)

Power
(W)

Time of each session
(s)

Energy density (J/
cm2)

Laser beam diameter
(cm)

Laser beam area
(cm2)

Power density (W/
cm2)

Red 630 0.05 46 1.2 1.56 1.91 0.0261
Near

infrared
810 0.05 46 1.2 1.56 1.91 0.0261

Specifications of in vivo photobiomodulation
Peak power output 75 W
Average power 0.001
Wavelength 890 nm
Pulse frequency 80 Hz
Spot size 1 cm2

Pulsed duration 180 ns
Duration of exposure of each point 900 s
Energy density (J/cm2)
One shooting 0.972
One session (one day) 2.96
One week 9.74
Two weeks 19.48
Six weeks 58.44
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2.7. Creation of CSFD and transplantation of hDBM scaffold into the
CSFD

Two CSFDs were made in lateral aspect of the distal metaphysis
of two femurs from each rat for a total of two defects in each rat.
Under general anesthesia, and sterile conditions a standard 3-mm
diameter round CSFD was drilled (terminal, 1.0 mm diameter;
Dental Fabriktreffurt, Delab; Treffurt, Germany) into the lateral
aspect of the distal metaphysis of the femurs of each rat. The CSFD
reached the central medullary channel. Next, one cube of the hDBM
(without hADS) was implanted and fitted into each CSFD of the
control group. The hDBMs that contained hADS were implanted in
the CSFDs of group 2 rats. Simultaneously, the hDBMs that con-
tained preconditioned hADSwere implanted in the CSFDs of groups
5 and 6 rats 48 h after the last laser administration (Fig. 1).
2.8. In vivo PBM protocol

The CSFDs from groups 3, 4, and 6 received in vivo adminis-
tration of PBM (MUSTANG 2000, LO7 probe; Technica Co., Moscow,
Russia). PBM was performed in each session by three shootings -
one shooting exactly over the CSFD, one at 1 cm proximal to the
center of the CSFD, and one at 1 cm distal to the center of the CSFD.
Table 1 lists the in vivo PBM specifications. PBM was started
immediately after surgery and continued three times per week for
two and/or six weeks.
2.9. Computed tomography (CT) scanning protocol and
measurement of HU

All CT scanning procedures were performed using a 16 slice
spiral CT scanner (Philips Healthcare, Ingenuity, USA). The scan
parameters were as follows: kVp ¼ 120; mAs/slice ¼ 50; pitch
number ¼ 0.54; rotation time ¼ 0.75; reconstruction iDose ¼ 2).
Finally, the HUs of the defects were measured.
2.10. Compression test of biomechanical examination

The left femurs with CSFD were used for the compression test.
The distal half of the sample was fixed in a fixed clamp of the
machine (Santam Engineering Design Co., Ltd., Iran). A load was
applied on the repairing tissue at the CSFD at a constant displace-
ment rate of 5 mm/min until a fracture occurred, and we deter-
mined the elastic modulus, maximum force, and energy absorption.
2.11. Statistical analysis

The findings were presented as mean ± standard deviation (SD).
Normal distribution of data was analyzed using the Shapiro test.
The t-test, one-way analysis of variance (ANOVA), and the least
significant difference (LSD) tests were used to compare changes
among groups that had normal distribution of data. A p-value of
<0.05 was considered statistically significant.
Fig. 2. Mean ± SD for Hounsfield units (HU) of critical size femoral defect (CSFD) in the
studied groups on weeks 2 (panel A), and 6 (panel B) compared by the LSD test.
*p < 0.05, **p < 0.05, ***p < 0.001.
3. Results

3.1. hADS surface marker characterization

The hADS expressed a high percentage of the MSC surface
markers CD105 (84.8%) and CD73 (99.8%) and decreased expression
of the hematopoietic markers CD45 (0.43%) and CD31 (0.36%).
Therefore, passage-3 hADS were seeded on the hDBM scaffold.
Please cite this article as: A. Khosravipour et al., Preconditioning adipose
bone healing in a critical size femoral defect in rats, Biochemical a
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3.2. Findings of preconditioning of hADS with PBM on cell viability
in vitro after 24 h and 48 h of PBM

All p-values were attributed to the t-test. There was no signifi-
cant difference in cell viability between control hADS (0.53 ± 0.02)
and hADS preconditioned with PBM (0.58 ± 0.01) 24 h after last
laser radiation. We found a significant increase in cell viability of
the hADS preconditioned with PBM (0.62 ± 0.00) compared to the
control hADS (0.45 ± 0.04) 48 h after last laser radiation (p¼ 0.026).
Thus in the main phase of the current study 24 h after last laser
radiation in vitro, hADS were seeded into hDBM, and 24 h after cell
seeding into hDBM, the hDBM was implanted into CSFD. It means
48 h after last PBM, hDBM scaffolds (contained preconditioned
hADS) were implanted into CSFDs in groups 5 and 6.
3.2.1. Results of HU examination at weeks two
The HU of CSFD in the hADS and hADS þ PBM in vitro groups

were significantly lower than the control group (both p ¼ 0.000)
(Fig. 2A).
3.2.2. Outcomes of HU examination at week six
The HU of CSFD in the hADS (p ¼ 0.000) and hADS þ PBM

in vitro (p ¼ 0.019) groups were significantly higher than the
control group. The hADS group was significantly better than the
other groups (all, p ¼ 0.000). The hADS þ PBM in vitro group was
significantly better than the hADS þ PBM in vivo (p ¼ 0.049) and
hADS þ PBM in vitroþin vivo (p ¼ 0.000) groups (Fig. 2B).
3.2.3. Findings of the compression test at week two
All p-values were attributed to the LSD test. Panels A, B, and C of

Fig. 3 show all the results of the compression test at week two.
-derived stem cells with photobiomodulation significantly increased
nd Biophysical Research Communications, https://doi.org/10.1016/
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3.2.4. Results of the compression test at week six
Panels D, E, and F of Fig. 3 show all the results of the compres-

sion test at week six. Panel B indicates that the hADSþ PBM in vitro,
hADS þ PBM in vivo, and hADS þ PBM in vitroþin vivo groups had
significantly increased maximum force in comparison with the
PBM in vivo, control, and ADS groups (all, p ¼ 0.000). The
hADS þ PBM in vitro group was significantly better than the
hADSþ PBM in vivo and hADSþ PBM in vitroþin vivo groups (both,
p ¼ 0.000).

4. Discussion

Mechanical examination is the gold standard for evaluating of
bone repair in animal studies [19]. Therefore, in the current study,
we used the biomechanical compression test to evaluate bone
healing.

Healing of large bone defects is a challenging topic amongst the
medical community [20]. Tremendous effort has been done to
Fig. 3. Panels A, B, and C show mean ± SD of elastic modulus, maximum force, and energy a
in the studied groups. Panels D, E, and F show mean ± SD of elastic modulus, maximum force
after surgery in the studied groups. LSD test *p < 0.05, **p < 0.05, ***p < 0.001.
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improve BTE because it is a favorable procedure for restoration of
damaged bone [21]. However, a few BTE approaches have been
used in the clinic and none of them have been successfully used in
regenerative medicine. BTE approaches is limited by its effective-
ness, safety, and cost [22].

Many efforts have been made to improve BTE procedures [23].
Here, we assessed the ability of five different combinations of an
hDBM scaffold, hADS, and PBM on bone repair of a CSFD in a rat
model. The results indicated that the hADS þ PBM in vitro,
hADS þ PBM in vivo, and hADS þ PBM in vitroþ in vivo groups had
significantly increased ability to repair the CSFD in comparison
with the PBM in vivo, control and ADS groups during the catabolic
phase of bone healing. In terms of HU measurement and bone
strength parameters, we noted that the hADS þ PBM in vitro group
was significantly better than the other groups (Figs. 2 and 3). In this
regard, we found that preconditioning hADS with PBM in vitro
before transplanting them into the DBM scaffold produced the
most significant results among the five groups of alone and
bsorption respectively of the critical size femoral defect (CSFD) two weeks after surgery
, and energy absorption respectively of the critical size femoral defect (CSFD) six weeks

-derived stem cells with photobiomodulation significantly increased
nd Biophysical Research Communications, https://doi.org/10.1016/
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combined applications of hADS plus PBM, including the in vitro and
in vivo protocols.

The activation of MSCs are required for fracture repair [24].
Despite the increasing use of MSCs in medical investigations for
humans, there have been negligible advantages in healing [25]. This
is partly related to the natural restricted illness-adjusting capability
of MSCs [25]. Other studies have shown that tissue damage and the
curative reaction cause to the secretion of interior hazard signs
[26,27] that contain Toll-like receptor (TLR) and interleukin-1 re-
ceptor type 1 (IL-1R1) ligands, which moderate the immune
micromilieu [28]. TLRs and IL-1R1 adversely impact the healing of
damaged organs [29]. IL-1R1/MyD88 signaling adversely controls
bone repair in mice by damaging the regenerative capabilities of
the MSCs. In addition, IL-1b is secreted in the damaged bone and
prevents the regenerative capabilities of MSCs. Therefore, it is
necessary to find strategies that increase the power of the MSCs;
this dynamic field of biological investigations has medical signifi-
cance [25]. MSCs have been one of the most studied choices for cell
therapy [30].

Kushibiki et al. in their review article concluded that PBM is an
effective tool for preconditioning MSCs in culture prior to their
implantation. Light-based clinical investigations could show novel
approaches for PBM and MSCs treatments [31]. Moreover, PBM is a
non-intrusive and cost effective modality and an effective instru-
ment for wound treatment [32].

We found that although individual applications of hADS and
PBM significantly increased bone strength of the CSFD, the com-
bined effect of hADS plus PBM in vivo was significantly more
effective. Our findings supported those reported byWang et al. [33]
who evaluated the effects of PBM and hADS treatments on bone
repair in an animal model of skull damage. The hADS were cultured
on a synthetic scaffold and implanted into the defect. The project
was performed on four groups: control, PBM, hADS, and
hADS þ PBM. Bone formation was evaluated using micro-CT, and
histomorphological analysis and immunohistochemical tests.
Micro-CT analyses revealed that both the PBM and hADS groups
showed improved bone repair compared to the control group. In
addition, the hADS þ PBM group showed significantly increased
bone volume compared to individual hADS and PBM applications.
Wang et al. conducted their study in animal models; however, they
did not use any biomechanical tests.

Our findings may enable the use of PBM plus hADS to assist BTE
protocols and improve their benefits in healing fractures in patients
who suffer from diabetes and osteoporosis.We suggest that pre-
conditioned hADS could be assessed in large animal models and
human clinical trials to study their impact on fracture healing. The
minutiae of the cellular and molecular functions that relate to the
joined impact of PBM and hADS on the cure of fractures in CSFD
should be clarified by additional investigations.

5. Conclusions

In vitro preconditioned of hADS with PBM significantly
increased ADSs viability compared to control group. A combination
of ADS plus PBM had significantly increased bone repair of repair-
ing tissue in the CSFD in comparison with control, the alone PBM
in vivo, and alone ADS protocols in rats. hADS preconditioned with
PBM in vitro significantly increased bone repair in vivo and showed
significantly better results than the hADS þ PBM in vivo and
hADS þ PBM in vitroþin vivo protocols.
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