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Abstract

Hypoxia-inducible factor-loe (HIF-1a), a well-studied angiogenesis pathway, plays an essential role in angiogenesis-
osteogenesis coupling. Targeting the HIF-1a pathway frequently leads to successful reconstruction of large-sized bone
defects through promotion of angiogenesis. Dimethyloxalylglycine (DMOG) small molecule regulates the stability of HIF-
lo at normal oxygen tension by mimicking hypoxia, which subsequently accelerates angiogenesis. The current study aims to
develop a novel construct by seeding adipose derived mesenchymal stem cells (ADMSCs) onto a scaffold that contains
DMOG to induce angiogenesis and regeneration of a critical size calvarial defect in a rat model. The spongy scaffolds have
been synthesized in the presence and absence of DMOG and analyzed in terms of morphology, porosity, pore size,
mechanical properties and DMOG release profile. The effect of DMOG delivery on cellular behaviors of adhesion, viability,
osteogenic differentiation, and angiogenesis were subsequently evaluated under in vitro conditions. Histological analysis of
cell-scaffold constructs were also performed following transplantation into the calvarial defect. Physical characteristics of
fabricated scaffolds confirmed higher mechanical strength and surface roughness of DMOG-loaded scaffolds. Scanning
electron microscopy (SEM) images and MTT assay demonstrated the attachment and viability of ADMSCs in the presence
of DMOG, respectively. Osteogenic activity of ADMSCs that included alkaline phosphatase (ALP) activity and calcium
deposition significantly increased in the DMOG-loaded scaffold. Computed tomography (CT) imaging combined with
histomorphometry and immunohistochemistry analysis showed enhanced bone formation and angiogenesis in the DMOG-
loaded scaffolds. Therefore, spongy scaffolds that contained DMOG and had angiogenesis ability could be utilized to
enhance bone regeneration of large-sized bone defects.
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1 Introduction

Bone defects constitute one of the major global health
issues that are traditionally treated with autologous or
allogeneic bone grafts [1]. Major complications associated
with autografts and allografts include inadequate tissue,
traumatic injury, and surgical risks of hemorrhage, infection
and chronic pain. Therefore, it is essential to develop a
proper alternative therapeutic approach [1, 2]. The cell-
loaded scaffold strategy used in tissue engineering (TE) has
been developed to treat various types of bone lesions.
However, limited vascular supply and accessibility to
nutrients are challenges with this strategy [3].

Formation of initial blood vessels within the scaffolds
and their connection with host vasculature (angiogenesis)
supposedly accelerate bone tissue repair and assure the
success rate of bone TE [4]. To date, various approaches
(e.g., mechanobiology and growth factor delivery) have
been employed to form vascular network in the constructs.
Delivery of exogenous angiogenic factors such as VEGF in
tissue engineered constructs are extensively used to control
angiogenesis [5-7]. The complicated spatial and temporal
release patterns of angiogenic factors and uncontrolled local
delivery of single or even multiple growth factors result in
the formation of an immature vascular network [8, 9]. In
addition, high cost and degradation rate are other short-
comings associated with growth factors. An appealing
approach to deal with this challenge would be to target the
angiogenesis pathways and stimulate expression of angio-
genic factors.

Hypoxia-inducible factor-laa (HIF-1la) is a well-
recognized pathway that regulates angiogenesis-
osteogenesis coupling during bone formation and the
regeneration process [10]. Recent studies have shown that
chondrocytes, osteoblasts, and mesenchymal stem cells
(MSCs) adopt hypoxic conditions via the HIF pathway
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[11]. HIF-1 is a heterodimer protein composed of two
subunits, HIF-1a and HIF-1f. Dimerization of these two
subunits under hypoxic condition leads to transcription of
angiogenic genes [12, 13]. Under normoxic conditions,
two conserved proline residues of HIF-a undergo post-
translational hydroxylation followed by ubiquitination
that eventually causes proteasomal degradation of HIF-
la. Prolyl hydroxylases (PH) and von Hippel-Lindau
(pVHL) mediate hydroxylation and ubiquitination of
proline residues of the HIF-1a protein, respectively [14].
PH requires several cofactors such as iron, oxygen, and 2-
oxoglutarate to fulfill the hydroxylation process [15].
Therefore, small molecules with the concept of mimicking
the hypoxia condition stabilize HIF-1a and subsequently
activate angiogenesis.

According to several studies, oxoglutarate analogues
have the ability to stabilize HIFs and produce their bene-
ficial biological outcome [16]. Dimethyloxalylglycine
(DMOG) is a cell penetrating small molecule that inhibits
PH by mimicking 2-oxoglutarate cofactors and results in the
preservation of HIF-1a under normal oxygen pressure [17].
Peng et al. prohibited ovariectomy (OVX)-induced bone
loss in C57BL/6J mice after treatment by DMOG, which
was associated with activated HIF-1a and Wnt/beta-catenin
signaling pathways [18]. Vogel et al. found that DMOG
treatment of HeLa cells or prolyl hydroxylase domain
(PHD)-knockout HeLa cells activated RhoA/ROCK sig-
naling independent of HIF by inhibiting PHD [19]. More
recently, the synergistic effect of DMOG and recombinant
human bone morphogenetic protein-2 (thBMP-2) was
explored by Qi et al. in order to improve bone regeneration
and vascular formation of a critical-sized bone defect in a
rat model [20]. Although much research has been devoted
to the application of DMOG for angiogenesis, there has
been little investigation of DMOG in the three dimensional
(3D) scaffold for angiogenesis and osteogenesis.

Selection of proper cell sources may also affect the
clinical efficacy of engineered tissue. Apart from
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availability, feasible harvesting, and post-transplant cell
immunity, cells must have the capability to simultaneously
direct both angiogenesis and osteogenesis processes [21].
Use of angiogenic cell sources could promote angiogenesis
in engineered tissue. Human umbilical vein endothelial cells
(HUVECGs) and endothelial progenitor cells (EPCs) have
been used alone or in a co-culture system to stimulate
neovascularization [22]. For example, Koob et al. investi-
gated co-implantation of HUVECs and MSCs, and attained
higher neo-vessel formation without improved bone
regeneration [23]. These studies successfully generated a
vascularized construct, though the heterogeneity of the
endothelial cells (ECs) in structure and function as well as
difficulty in autologous-cell harvesting hindered their
extensive use. Several studies have highlighted the role of
adipose derived mesenchymal stem cells (ADMSCs) as
proper cell sources for TE [24]. ADMSCs render a het-
erogeneous MSCs source that consists of ECs, which make
it appropriate for both angiogenesis and osteogenesis [25,
26].

In this study, we aimed to fabricate an alginate-gelatin-
tricalcium phosphate spongy scaffold and deliver the
DMOG small molecule. We attempted to achieve enhanced
loading efficiency of DMOG and a prolonged release pat-
tern. The influence of DMOG delivery with an alginate-
gelatin-tricalcium phosphate spongy scaffold was shown by
the osteogenic and angiogenic potential of ADMSCs and its
bone restorative ability in the treatment of critical-sized
calvarial defects in rats.

2 Materials and methods
2.1 Scaffold preparation

We fabricated a spongy scaffold that included sodium
alginate-gelatin-p-tricalcium phosphate according to a pre-
viously described protocol [27]. Briefly, a 1.6% (w/v)
sodium alginate solution was prepared in distilled water
using a magnetic stirrer, followed by the addition of gelatin
powder to achieve a final concentration of 1.6%. The
solution was mixed thoroughly at 50 °C. We added 0.8%
(w/v) P-tricalcium phosphate in distilled water to the
alginate-gelatin. To prepare the DMOG-containing scaffold,
we added 1 mg/ml of DMOG in the alginate-gelatin-p-tri-
calcium phosphate solution. Glutaraldehyde and calcium
chloride were finally added to the chemically cross-link
gelatin and alginate, respectively. The solution was cast into
the molds (5 mm diameter x 2 mm thick), incubated at —20
°C for 24 h, and finally freeze-dried for further experiments.
Three independent samples were analyzed in all
experiments.

2.2 Measurement of scaffold porosity

The porosity of the scaffold was measured by the fluid
replacement method. Briefly, the scaffolds were immersed
in an initial volume of ethanol (V1) in a graduated cylinder
and incubated for 2 h in ethanol at room temperature. After
we removed the scaffolds, we considered the remaining
volume of ethanol to be V3. The percentage of porosity was
calculated according to the following equation where V2
was the total volume of ethanol and the scaffolds.

(Vi —V3)
Vo, —V;

E= x 100

We used scanning electron microscopy (SEM) images to
calculate the average pore sizes for 10 different pores in
each scaffold according to Image-Pro® Plus version 6.0
(Media Cybernetics, Silver Spring, MD, USA).

2.3 Mechanical properties

A compression test for the specimen (cylindrical disc: 6 mm
diameter x 12 mm thick) was performed using a Santam
Machine controller (version 4.24). A crosshead speed of 5
mm/min was set. Axial force and axial displacement were
recorded and converted to stress and strain using the
dimensions of the individual samples. Three independent
samples were tested for each group.

2.4 Release pattern of dimethyloxalylglycine
(DMOG)

In vitro release of DMOG from the scaffolds was carried out
at 37 °C in a phosphate buffer saline (PBS) solution. The
scaffolds were immersed in 1 ml PBS and the release
medium was collected at pre-determined time points. The
concentration of DMOG was determined by a Thermo
Scientific™  Multiskan™ GO  Microplate  Spectro-
photometer (Thermo Scientific™, USA) at a wavelength of
230 nm. The same volume of PBS was added to maintain
the original volume of the PBS solution.

2.5 Adipose derived mesenchymal stem cell
(ADMSC) isolation and characterization

Abdominal adipose tissue was isolated from three Wistar rat
of 250 g average body weigth. The adipose tissue was cut
into small pieces by a sterile scalpel, then digested by col-
lagenase type I (1 mg/ml) and incubated at 37 °C for 30
min. The digested tissue was centrifuged at 1200 rpm for 5
min. The pellet was cultured in Dulbecco’s Modified Eagle
Medium (DMEM; Gibco) supplemented with 15% FBS,
1% penicillin/streptomycin, and incubated at 37 °C in 5%
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CO,. The media was changed twice weekly. We used
passage-3 cells for all experiments. Isolated cells were also
evaluated for their ability to differentiate into osteoblasts
and adipocytes. For osteogenic differentiation, ADMSCs
were incubated in osteogenic culture medium (DMEM
supplemented with 10% FBS, 10 mM f- glycerophosphate,
0.2 mM ascorbic acid, and 1nM dexamethasone) for
21 days. Osteogenesis was examined by 1% alizarin red
staining. Adipogenic differentiation was induced by incu-
bating ADMSCs in adipogenic induction medium (DMEM
with 10% FBS, 0.5 mM indomethacin, ] mM ascorbic acid,
and 1 uM dexamethasone) for 21 days. We visualized lipid
droplets in the cells after staining with 0.4% oil red O (data
not shown). Three independent replicate (n = 3) were used
for all experiments.

2.6 Cell viability

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was indirectly performed to assess
cytotoxicity of DMOG in the fabricated scaffolds. Briefly,
5% 10* cells were seeded in a 12-well tissue culture plate.
The scaffolds were placed into the cell culture insert and
incubated at 37 °C. Wells without the scaffolds were con-
sidered as the control. At various time points, we removed
the scaffolds and the cells were incubated in 0.5% MTT for
3hat 37 °C. The MTT solution was removed and we added
dimethyl sulfoxide (DMSO) to dissolve the formazan
crystals. Optical density (OD) was measured using a
Thermo Scientific™ Multiskan™ GO Microplate Spectro-
photometer (Thermo Scientific™, USA) at 540 nm.

2.7 Cell seeding onto the scaffolds

First, we sterilized the scaffolds with 70% ethanol, washed
them with PBS, and placed the scaffolds into 24-well tissue
culture plates. Next, 1x 10° cells were passively seeded
onto the scaffolds, followed by incubation in osteogenic
induction media that consisted of DMEM supplemented
with 50 mg/ml ascorbic acid 2-phosphate (Sigma, USA), 10
nM dexamethasone (Sigma, USA), and 10 mM f glycerol
phosphate (Sigma, USA).

2.8 Cell attachment

We evaluated the ability of ADMSCs to adhere to the
scaffolds after 7 days. Cell-seeded scaffolds were fixed in
2.5% glutaraldehyde for 2h, then washed with 0.1 M
cacodylate buffer, and immersed in 1% osmium tetroxide
for 2 h. Subsequently, samples were dehydrated in a graded
ethanol series (30, 50, 70, 80, 90, and 100%) for approxi-
mately 20 min. The samples were subsequently coated with
gold, and we assessed the morphological characteristics of
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the attached cells by SEM (FEI Quanta 250, Hillsboro, OR,
USA).

2.9 In vitro osteogenic activities

The osteogenic property of the fabricated scaffold was
evaluated in terms of ALP activity and calcium content at
different time points (7 and 14 days). Alkaline phosphatase
(ALP) activity was assessed using an Alkaline Phosphatase
Assay Kit (Colorimetric, Abcam, USA, ab83369) according
the manufacture’s protocol. Briefly, cells were seeded onto
the scaffolds at a density of 1 x 10° cells per scaffold. The
cell-scaffold constructs were washed with PBS and lysis
buffer solution was added to lyse the attached cells. After
sonication and centrifugation, the cell lysis solution was
analyzed for ALP activity with respect to the release of p-
nitrophenol from the p-nitrophenyl phosphate substrate. OD
was measured at 405nm using a Thermo Scientific™
Multiskan™ GO Microplate Spectrophotometer (Thermo
Scientific™, USA). ALP activity values were normalized to
the total protein content obtained from the same cell lysate
and expressed as units per microgram of total protein. Total
protein content was determined using the BCA Protein
Assay Kit (EMD Millipore Company, Darmstadt, Ger-
many). The absorbance of the reaction product was mea-
sured at 562 nm.

The amount of mineralized matrix deposited onto the
scaffolds was assessed using a Calcium Colorimetric Assay
Kit (Biovision, Inc., USA). We measured the intensity of
the stable purple colored complexes, which were directly
proportional to the calcium concentration of the samples, at
575nm using a Thermo Scientific™ Multiskan™ GO
Microplate Spectrophotometer (Thermo Scientific™, USA).

2.10 qRT-PCR

The expression levels of osteogenic- and angiogenic-related
genes were assessed using quantitative real time-
polymerase chain reaction (qQRT-PCR). Total RNA was
extracted from cells seeded on the scaffolds using QIAzol
lysis reagent (Qiagen, 79306). cDNA was synthesized by a
cDNA kit (Takara: P3-T7) according to the manufacturer’s
instructions. Duplicate qRT-PCR reactions were performed
with the SYBR Green Master Mix (Takara, Q3-PA33) with
a real-time PCR system (Applied Biosystems Life Tech-
nologies, Inc., ABI StepOnePlus) and analyzed with Ste-
pOne software (Applied Biosystems, version 2.1). Three
independent biological replicates were analyzed for each
sample. The expression level of target genes was normal-
ized to f-actin as the reference gene. Analysis was per-
formed by the comparative AACT method. Primers are listed
in Table 1.
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Table 1 Description of primers used in qRT-PCR

Alp F: 5 GCACAACATCAAGGACATCG 3'

R: 5TCAGTGCGGTTCCAGACATA 3'
Runx2 F: 5GGACGAGGCAAGAGTTTCAC 3'

R: 5GAGGCGGTCAGAGAACAAAC 3'
Ocn F: 5 GAGGGCAGTAAGGTGGTGAA 3'

R: 5" GTCCGCTAGCTCGTCACAAT 3'
CD31 F: 5 TACACTTATTTATGAACCAGCCCT 3'

R: 5" TCTGCACACCCAACATTAACA 3'
CDI33 F: 5 TGCTGACCCTCTGAATCTG 3'

R: 5" ATACATCCTCTGAATCCATCCTG 3'
Kdr F: 5 CCCAGAAATGTACCAAACCA 3'

R: 5 ACTTCCTCTTCCTCCATACAG 3'
P-actin F: 5 CTATGTTGCCCTAGACTTCG 3'

R: 5 AGGTCTTTACGGATGTCAAC 3'

2.11 Western blot analysis

We performed Western blot analysis to investigate the
expression level of HIF-lo and the VEGF protein. Total
protein was extracted by using lysis buffer (50 mM Tris-
HCIl, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and 1%
SDS) that contained 1 mM phenylmethylsulphonyl fluoride
(PMSF) and phosphatase inhibitor cocktail, then cen-
trifuged 15 min in 12000 rpm at 4°C, finally the concentra-
tion of the protein in lysate was measured by BCA kit. A
total of 30 ug of proteins from each sample were separated
on 10% polyacrylamide gels and transferred onto the PVDF
membrane (wet transfer method, 12 V, and 12-14 h). PVDF
was blocked with 5% milk for 2h at room temperature
under agitation. The membranes were incubated with the
following primary antibodies: monoclonal anti-HIF-1 (ab-1,
Abcam, 1:1000), monoclonal anti-VEGF antibody (ab1316,
Abcam, 1:1000), and GAPDH (1:10000) overnight at 4 °C.
The membranes were subsequently incubated with goat
polyclonal secondary antibody HRP-conjugated secondary
antibody (ab6789, Abcam, 1:5000) for 2h at room tem-
perature. The protein bands were visualized by using the
SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo Fisher Scientific, Australia) and exposed on X-ray
films (Fujifilm, Australia).

2.12 Super-paramagnetic iron oxide (SPIO) labeling

We labeled ADMSCs with super-paramagnetic iron oxide
(SPIO) nanoparticles prior to implantation. ADSCs were
incubated with serum-free culture medium that contained a
mixture of SPIO (100 pg/mL) and protamine sulfate (45 pg/
mL) for 2h at 37 °C. Next, we added 20% FBS, 1% L-
glutamine, and 1% penicillin/streptomycin to the cells. The
cells were incubated for 48 h. Prussian blue staining was

performed for cell visualization. Tissue sections were
deparaffinized, rehydrated, and incubated in hydrochloride/
potassium ferrocyanide (1:1 ratio) for 10 min. After wash-
ing, the samples were incubated with Pararosaniline stain
for 5 min, and visualized by a light microscope (Olympus,
Japan).

2.13 Animal study

In this study, 24 healthy male Wistar rats that weighed
approximately 250g were used as animal models. All
experimental procedures that involved animals were per-
formed in accordance with the standard operating proce-
dures approved by the Institutional Animal Care and Ethics
Committee of Royan institute. All animals were anesthe-
tized by intraperitoneal injections of a mixture of ketamine—
hydrochloric acid (HCI) [64 mg/mL]/xylazine [3.6 mg/mL]
for a total dose of 0.2 mL/100 g body weight). We used a
trephine drill to create two critical-sized defects (5 mm) in
the calvarias of each animal. In each animal, the prepared
constructs (5 mm diameter x 2 mm thick) were implanted in
one defect, whereas the other defect was left empty (con-
trol). The 24 rats were randomly divided into four experi-
mental groups included a cell-free DMOG-negative scaffold
(n=06), cell-free DMOG-positive scaffold (n=6), cell-
seeded DMOG-negative scaffold (n=6), and cell-seeded
DMOG-positive scaffold (n = 6). Post-operative analgesia
and antibiotic therapy were then provided by subcutaneous
(SC) administration of 1 mg/kg Meloxicam (Razak, Iran)
and enrofloxacin (Irfan, Iran) for 3 days, respectively. All
animals received humane care in compliance with the Guide
for Care and Use of Laboratory Animals published by the
National Institutes of Health (NIH Publication No. 85-23,
revised 1985).The animals were euthanized 6 weeks post-
implantation (WPI). The calvarias were harvested and used
for histological analysis.

2.14 Histological analysis

Calvarias from all experimental groups were fixed in 10%
formalin, followed by decalcification in nitric acid. Dec-
alcified tissues were embedded in paraffin, cut into 6 um
sections, then stained with hematoxylin and eosin (H&E)
and Masson’s trichrome (MT).

2.15 Immunohistochemistry (IHC) analysis

Immunohistochemistry (IHC) was performed to assess the
expressions of osteocalcin (OCN), RUNX2, and KDR
(VEGFR?2) proteins. Histological slides were treated with
citrate buffer (pH 6) at 65°C for antigen retrieval and
blocked with goat serum for 2 h at 37 °C. Then, they were
incubated with primary antibodies OCN (bs-4917R),
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RUNX2 (orb10256), and KDR (ab2349) at 4 °C overnight.
Samples were subsequently incubated with horseradish
peroxidase (HRP)-labeled secondary antibody. Antibody
complexes were observed after the addition of a buffered
diaminobenzidine (DAB) solution. The sections were
counterstained with hematoxylin and visualized by a light
microscope (Olympus, Japan).

2.16 Histomorphometry

The amount of bone formation was quantitatively assessed
using Image-Pro® Plus version 6.0 (Media Cybernetics,
Silver Spring, MD, USA). A rectangular region of interest
(10 non-overlapping areas) was set around the defect site
within the microscopic images of the section. The area
percentage of newly-formed bone was quantitatively mea-
sured with respect to the selected area for each section
separately.

2,17 Statistical analyses

Statistical analyses were carried out on datasets that con-
sisted of at least three independent experiments. We used
one-way ANOVA with Tukey’s multiple comparison tests,
which compared more than two groups with SPSS software
(version 16). All data are expressed as mean + SD.

3 Results
3.1 Physical characteristics of fabricated scaffolds

We assessed the physical characteristics of the fabricated
3D scaffolds by examining their morphology, porosity, pore
size, and mechanical properties. Fig. la,b shows SEM
micrographs of the scaffolds with and without DMOG. The
DMOG-negative scaffold showed a porous structure. Thin
walls with a rather smooth surface separated the pores.
Incorporation of DMOG, however, led to a scaffold with
increased roughness and thicker pore walls.

Liquid displacement analysis showed an average poros-
ity of 66.0919+0.8128 for DMOG-negative scaffolds,
whereas porosity decreased to 51.1905+1.6836 for
DMOG-positive scaffolds (Table 2). SEM images revealed
that incorporation of DMOG in the TCP/alginate/gelatin
scaffold led to decreased pore size of 147.0649 +36.1565
for DMOG-negative scaffolds to 105.6956 +23.1109 for
DMOG-positive scaffolds. We observed an appropriate
interconnected pore structure in both types of scaffolds.

Figure 1c shows compressive stress-strain curves for
both DMOG-positive and negative scaffolds. Both scaffolds
showed the mechanical behavior of porous materials with
the initial linear-elastic region. Young’s modulus was 0.465
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+0.0235 MPa for the DMOG-negative scaffolds and 0.853
+0.0608 MPa for the DMOG-positive scaffolds. Young’s
modulus increased in scaffolds that contained DMOG
compared to DMOG-negative scaffolds. Table 2 sum-
marizes the physical properties of the fabricated scaffolds.

3.2 Dimethyloxalylglycine (DMOG) release

Figure 1d shows the cumulative DMOG release of phos-
phate buffer from the spongy scaffold. DMOG kinetic
release profile showed that scaffolds released DMOG in a
sustainable manner over 12 days. There was a burst release
in the first two days of approximately 35% of the total
DMOG followed by a slower release rate. By 12 days, 70%
of the total DMOG concentration had been released.

3.3 Cell attachment and viability

Attachment of ADMSC:s to both scaffolds was explored by
SEM and H&E staining. H&E staining showed the presence
of ADMSCs within the scaffolds (Fig. 2a, b). SEM
micrographs indicated that ADMSCs attached to both
scaffolds after 7 days (Fig. 2c, d). In order to determine
whether the fabricated scaffolds had any toxic effects on
ADMSCs, we performed the MTT assay on days 3 and 7.
Fig. 2e shows that the viability of ADMSCs did not differ
among the groups. The number of cells increased after
7 days in a similar way in all DMOG-negative, and positive
scaffolds, as well as in the control group.

3.4 In vitro osteogenic activity

We evaluated osteogenic potential of both DMOG-positive
and negative constructs by assessing the ALP activity,
calcium content, and expression levels of osteogenic related
genes at different time points (days 7 and 14). The level of
ALP activity was higher in DMOG-positive compared to
DMOG-negative constructs at day 7, but there was no
significant difference between the two groups (Fig. 3a).
After 14 days, ALP activity increased in both constructs.
This was a significant increase in DMOG-positive scaffolds.

Figure 3b shows the amount of calcium deposition on
spongy scaffolds after 7 and 14 days. Calcium content
enhanced by increasing the experiment time to 14 days in
both DMOG-positive and negative groups. There was a
higher degree of calcium observed in the DMOG-positive
construct compared to DMOG-negative construct at both
time points.

The expression level of osteogenic-related genes was
also assessed by qRT-PCR (Fig. 3c-e). Gene expression
level of Runx2, an early stage osteogenic marker, con-
siderably up-regulated in the DMOG-negative scaffold at
days 7 and 14 compared to the DMOG-positive group.
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Fig. 1 Scaffold properties.
Scanning electron microscopy
(SEM) images of a
dimethyloxalylglycine
(DMOG)-negative and b
DMOG-positive scaffolds. ¢
Compressive stress-strain curve
shows higher resistance of the
scaffold to the failure. d
Sustainable DMOG release
profile over 12 days
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Table 2 Calculated physical properties of the fabricated scaffolds

Porosity (%) Pore size (um) Yang module

(MPa)

DMOG+ 51.1905 +1.6836
DMOG— 66.0919 +0.8128

105.6956 +23.1109 0.853 £ 0.0608
147.0649 +36.1565 0.465 +0.0235

Runx2 downregulated in the DMOG-positive group over
time.

In contrast, Alp increased in the DMOG-positive group
compared with the negative group at each time point. We
observed a significant reduction in both groups at day 14.
Similarly, there was a higher level of Ocn expression in the
DMOG-positive scaffold compared to the DMOG-negative
scaffold (p <0.05), particularly at day 14.

3.5 Angiogenesis evaluation

We performed Western blot analysis of the stimulatory
effect of DMOG on angiogenesis and qRT-PCR for
angiogenic factors. Fig. 4 a, b show expressions of HIF-1a
and VEGF at the protein level after 3 and 7 days. Expres-
sion of HIF-1a markedly enhanced in both DMOG-positive
and negative groups compared to the control groups.
However, there were no significant differences between
DMOG-positive and negative scaffolds at both time points.
VEGF upregulated in the experimental groups relative to
the control group. However, cells seeded on the scaffolds

80 0 30 6 % 120 150 180 210 240 270

Time (hours)

that contained DMOG expressed VEGF protein higher than
DMOG-negative and control groups at day 7.

Expressions of angiogenic-related genes that included
CD31, Kdr, and CD133 are shown in Fig. 4c-e. Interest-
ingly, the DMOG-positive group had substantial enhance-
ment of all three genes compared to the DMOG-negative
group at day 7. However, this difference was only statisti-
cally significant for CD31 and CD133. After 14 days, we
observed down-regulation of CD31, Kdr, and CDI133 for
both groups. The DMOG-positive group had a higher
expression level compared to the negative group.

3.6 Computed tomography (CT) scan analysis

CT scan analysis was performed for all groups 6 WPIL. The
defect size reduced in all groups compared to the untreated
group (Fig. 5). We observed a smaller defect size in all
DMOG-positive scaffolds of the cell-seeded and unseeded
groups compared to DMOG-negative scaffolds.

3.7 Histopathology and histomorphometry

We performed histological analysis (H&E and MT staining)
of the harvested calvaria from all experimental groups at 6
WPIL. H&E staining showed that the periosteum covered the
defect site in the untreated group with no fibrous tissue
formation after 6 weeks. In contrast, the construct was
integrated to the host tissue on both sides of the defect site.
Additionally, a large number of host cells infiltrated into the
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Fig. 2 Cell attachment and viability. a The presence of adipose derived
mesenchymal stem cells (ADMSCs) on spongy scaffolds was con-
firmed by H&E staining. b Nuclei counterstained with DAPL ¢
Scanning electron microscopy (SEM) image of ADMSCs seeded onto
dimethyloxalylglycine (DMOG) negative and d DMOG-positive
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scaffolds. e Histogram represents the viability of ADMSCs on
spongy scaffolds with or without DMOG. Optical density (OD) of
ADMSCs seeded on the scaffold did not show any significant differ-
ence between the scaffolds and control group. Data are presented as
means + SD (n =3) *p <0.05
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Fig. 3 Osteogenic activity of adipose derived mesenchymal stem cell
(ADMSC)-seeded constructs. Histograms show a ALP activity and b
calcium content after 7 and 14 days. qRT-PCR analysis was performed
for C Runx2, d Alp, and e Ocn osteogenic markers expressed by
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ADMSCs on dimethyloxalylglycine (DMOG) positive and negative
scaffolds at days 7 and 14. Higher expression levels of Ocn and Alp as
well as down-regulation of Runx2 were detected in the DMOG-
positive group. Data are presented as means = SD (n = 3). *p <0.05
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Fig. 4 Angiogenic activity. Histogram a shows quantitative analysis of
hypoxia-inducible factor-la (HIF-1a) and VEGF expression levels
and b band density analysis of HIF-la and VEGF by Western blot
after days 3 and 7. Real time-PCR analysis of ¢ CD31, d Kdr, and e

Fig. 5 Computed tomography
(CT) scan imaging. CT scan of
cell-free a
dimethyloxalylglycine (DMOG)
negative, b cell-free DMOG-
positive, ¢ cell-seeded DMOG-
negative, and d cell-seeded
DMOG-positive constructs.
Right defects filled by the
constructs and left defects were
empty. e Histogram shows the
size of restored calvaria defects
6 weeks post-implantation
(WPI). Data are presented as
means = SD (n=3). a shows a
statistically significant
difference compared to control
group (p <0.05)

cell-free DMOG-positive and negative scaffolds at the
defect area (Fig. 6). Histological analysis indicated that the
scaffolds partially degraded in all treated group and rem-
nants of all scaffolds were present at the defect site. The
amount of scaffold residue was higher in the cell-free
groups. New bone formation occurred within the
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CD133 genes showed enhanced expression levels in the dimethylox-
alylglycine (DMOG)-positive group compared to the DMOG-negative
group after 7 and 14 days. Data are presented as means + SD (n = 3).
*p <0.05
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implantation site in the treated groups, yet the density of
newly-formed bone differed among all groups. There was a
higher degree of new bone in the defects treated with cell-
seeded DMOG-positive construct followed by cell-seeded
DMOG-negative, cell-free DMOG-positive, and cell-free
DMOG-negative constructs. The cell-free DMOG-positive
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Fig. 6 Histological analysis. Hematoxylin and eosin (H&E) and
Masson’s trichrome (MT) staining of a, f cell-free dimethylox-
alylglycine (DMOG)-negative, b, g cell-free DMOG-positive, ¢, h
cell-seeded DMOG, and d, i cell-seeded DMOG-positive constructs,
and the e, j control group without any implantation 6 weeks post-
surgery. k Histogram shows the degree of new bone formation

scaffolds and cell-seeded DMOG-negative construct
exhibited similar degrees of newly-formed bone tissue.

Figure 7 shows IHC staining of decalcified calvaria for
osteogenic (OCN, RUNX?2) and angiogenic (KDR) mar-
kers. OCN highly expressed in the cell-loaded scaffold that
contained DMOG, while low expression level of the same
marker was observed in the cell-free DMOG-negative group
(Fig. 7Ba). There were no significant differences among the
cell-seeded DMOG-positive, cell-seeded DMOG-negative,
and cell-free DMOG-positive groups. The cell-seeded
DMOG-positive group showed a significant increase in
RUNX2 (Fig. 7Bb) compared to the other groups. The
amount of RUNX2 expression level was similar between
the cell-seeded DMOG-negative and cell-free DMOG-
positive groups.

We observed the highest expression level of KDR in the
cell-seeded scaffold with DMOG amongst all of the treated
groups (Fig. 7Bc). Cell-seeded DMOG-negative and cell-
free DMOG-positive groups also expressed the same levels
of the KDR protein.
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quantitatively analyzed by Image Pro Plus software. OB Old bone, NB
New bone, and S Scaffold residue. (Magnification for all pictures:
40 x ). Data are presented as means+SD (n=06). a and b show a
statistically significant differences compared to control group and cell
free DMOG-negative group, respectively (p <0.05)

4 Discussion

HIF-1a signaling is considered to be a crucial upstream
regulator of blood vessel formation [28, 29]. In addition,
HIF-1a activates ECs to generate specified microenviron-
ments that encourage osteoprogenitor recruitment and
osteogenic activity [30-32]. DMOG is a cell-permeable
prolyl-4-hydroxylase inhibitor, which up-regulates the
expression level of HIF-lo protein post-transcriptionally
under normoxic conditions [33-35]. Hence, in this study,
we have used a three-component spongy scaffold, alginate-
gelatin-tricalcium phosphate, as a novel vehicle for DMOG
delivery. Next, we explored the regenerative potential of
fabricated scaffolds in critical-sized calvarial defects in a rat
model (Fig. 8).

Analysis of physical properties of fabricated scaffolds
revealed that incorporation of DMOG in alginate-gelatin-
tricalcium phosphate led to a distinguished microstructure
with thickened pore walls and boosted surface roughness. A
comparison of DMOG-negative and positive scaffolds
confirmed the higher mechanical strength in the DMOG-
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Fig. 7 Immunohistochemistry (IHC) analysis. IHC staining a shows
increased expressions of OCN, RUNX2, and KDR in cell-seeded
dimethyloxalylglycine (DMOG) positive groups compared to the other
groups. Histograms b represent the quantitative analysis of OSN a,

Fig. 8 Schematic representation
of study design. Spongy scaffold
that included sodium alginate-
gelatin-p-tricalcium phosphate
and DMOG was fabricated and
subsequently SPIO-labeled
ADMSCs seeded onto the
scaffolds. After in vitro
characterization, 3D constructs
were implanted in calvarial
defects in a rat model

Vis

positive scaffold according to the compressive stress-strain
curve. There was low mechanical strength yet adequate
elastic modulus (0.853 +0.0608 MPa) of the DMOG scaf-
fold While Tan et al. reported an elastic modulus of 0.17-
0.56 MPa for alginate/calcium phosphate [36].
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RUNX2 b, and KDR ¢ performed by Image Pro Plus software. Data
are presented as means+SD (n=3). a and b show a statistically
significant differences compared to cell free DMOG-negative group
and cell-seeded DMOG-positive group, respectively (p <0.05)
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AD-MSCs

Angiogenesis
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The results obtained from the release profile indicated
that the scaffold delivered DMOG in a sustainable manner
as 70% of the drug was released over 12 days. The rate of
DMOG release decreased compared to previous studies that
reported total DMOG release up to day 6 [20, 37]. An initial
blood supply must be provided during the early days post-
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implantation until the newly-formed blood vessels of the
host tissue could begin to support the implanted construct.
Lack of adequate vessels would result in insufficient oxygen
and nutrition, and eventual cell death in the center of the
construct. Hence, this time determines the success or failure
of a transplant [38—40]. Therefore, our construct that
delivered DMOG over a long period of time could accel-
erate angiogenesis and avoid cell death until connected to
the host vascular network. We could increase the efficiency
of DMOG loading as this parameter was reported to be
relatively low in previous studies [37, 41].

Biocompatibility is a critical parameter for biological
scaffolds [42]. According to the MTT results, DMOG (1
mg/ml) did not have any toxic effect on ADMSCs. The
ADMSCs greatly attached to the surface of the spongy
scaffolds as observed by H&E and SEM. We previously
demonstrated that the spongy scaffold which consisted of
alginate-gelatin-f tricalcium phosphate had the capability to
promote cellular attachment and proliferation [27].

We explored the osteogenic potential of the DMOG-
containing scaffold under in vitro conditions. The results
obtained from analysis of ALP activity showed that the
DMOG-positive scaffold had a higher level of ALP activity
compared to the DMOG-negative scaffold. gqRT-PCR con-
firmed the level of Alp in the DMOG-containing scaffold.
Calcium deposition, as an indication of mineralization, also
increased in the presence of DMOG, which was consistent
with ALP activity results. These data confirmed the effect of
DMOG on the osteogenic differentiation of ADMSCs. A
previous study showed that DMOG resulted in higher ALP
activity and osteogenic related genes [43].

We sought to precisely address how DMOG affected the
expressions of osteogenic-related genes. qRT-PCR analysis
of Runx2 and Ocn have shown that Runx2 expression sig-
nificantly increased in DMOG-negative scaffolds compared
to the DMOG-positive group. Runx2, as an early marker for
bone differentiation, is expected to up-regulate during the
first days of the osteogenic process. Therefore, DMOG
appeared to accelerate the process of osteoblastic differ-
entiation such that Runx2 up-regulated before 7 days in the
DMOG-positive group. Accordingly, ADMSCs loaded onto
the DMOG-positive scaffold significantly expressed Ocn
compared to the DMOG-free group. Since OCN is a late
marker of osteogenesis, it seems that the DMOG-negative
scaffold would only have the capability to drive osteogenic
differentiation during the early stages and would need
another stimulus to continue this process. Therefore, the
significant differences in Ocn expression between DMOG-
negative and positive groups might be attributed to the
DMOG delivery that promoted osteogenic activity.
Improved physical characteristics of the scaffolds that
contained DMOG, such as mechanical strength, most likely
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resulted in boosted osteoblastic differentiation as confirmed
by previous studies [44, 45].

The expression of angiogenic genes Kdr, CD3I and
CD133 were shown by qRT-PCR analysis. As expected, the
DMOGe-containing scaffold induced the expression of all
vascular markers, which indicated that DMOG could mimic
hypoxia. This, in turn, led to up-regulation of angiogenesis
markers. Surprisingly, Kdr highly expressed in ADMSCs
that were loaded onto a DMOG-free scaffold. The elevated
expression level of Kdr in this group might be related to
either the presence of EPCs in the cultured cell population
or the activation of another hypoxia pathway by the spongy
scaffold. CD31 and CDI133, which are involved in the
elongation of the vascular network, did not up-regulate.
This finding suggested that scaffold does not solely have the
capability to fulfill vascular differentiation in the absence of
DMOG. To clearly show that DMOG affected angiogen-
esis, we evaluated the expressions of the HIF-1a and VEGF
proteins. Both scaffolds expressed HIF-la, yet only the
DMOG-positive scaffold had the ability to stimulate VEGF
expression, which was consistent with the literature [37].
Since the fabricated scaffold has a spongy form, it provides
the hypoxic condition in the center of scaffold. Therefore,
hypoxia would increase the HIF expression level in both
scaffolds. Moreover, it has been previously reported that
DMOG stabilize the HIF-1 protein [46]. It is more probably
the more stabilized form of HIF-1 in the presence of DMOG
resulted in higher VEGF level and angiogenesis markers in
our study, although we could not observed the difference in
expression level of HIF between groups. These results,
combined with qRT-PCR results, confirmed the essential
role of DMOG in vascular network elongation and stability.

We further explored the regenerative ability of fabricated
scaffolds following implantation into rat calvarial defects.
Our histomorphometry and IHC results showed a superior
osteogenesis in cell-seeded DMOG-positive group com-
pared to the other groups. SPIO labeled cells were tracked
in the defect site at 6 WPIL. This demonstrated contribution
of the exogenous cells to bone regeneration (Supplementary
F1). We observed that considerable cell numbers recruited
to the defects that were treated with both cell-free positive
and negative DMOG scaffolds. Interestingly, we observed
no significant difference in terms of bone mineralization
between the defects treated with cell-free DMOG-positive
and cell-loaded DMOG-negative constructs, which indi-
cated the effectiveness of DMOG in osteogenesis. It should
be taken into consideration that the defects were not fully
restored during the experimental time (6 weeks). Therefore,
long-term follow up would be required. Similar studies
reported the same results on rat calvaria defects over 6—
8 weeks [47-49].

Our results have demonstrated that DMOG delivery with
cell-loaded scaffold can support osteogenesis and
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angiogenesis both in vitro and in vivo. The cell-free scaffold
that contained DMOG can be utilized as a bone tissue
substitute since it efficiently rendered osteogenesis in the
bone defect. Further investigations are needed to achieve
better restorative outcomes through improvement of
mechanical properties and release time.
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