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ABSTRACT

Synergistic promotion of angiogenesis and osteogenesis in bone tissue-engineered constructs
remains a crucial clinical challenge, which might be overcome by simultaneous employment of
superior techniques including coculture systems, differentiation-stimulated factors, combinatorial
scaffolds and bioreactors.

Current study investigated the effect of flow perfusion along with coculture of human adipose
stem cells (hASCs) and human umbilical vein endothelial cells (HUVECs) on osteogenic and
angiogenic differentiation.

Pre-treated hASCs with 1,25-dihydroxyvitamin D3 were seeded onto poly(lactic-co-glycolic acid)/
B-tricalcium phosphate/polycaprolactone (PLGA/B-TCP/PCL) scaffold with/without HUVECs, and
cultured for 14 days within a flask or modified perfusion bioreactor. Analysis of osteogenic and
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angiogenic gene expression, alkaline phosphatase (ALP) activity and ALP staining indicates
a synergistic effect of perfusion flow and coculture system on osteogenic and angiogenic differ-
entiation. The advantage of modified perfusion bioreactor is its five-branch flow distributor which
directly connect to the porous PCL hollow fibers embedded in the 3D scaffold to improve flow and
flow-induced shear stress uniformity.

Dynamic coculture increased VEGF, 45 by 6-fold, VEGF,g9 by 2-fold, and Endothelin-1 by 4-fold,
relative to dynamic monoculture. Static coculture enhanced osteogenic and angiogenic differentia-
tion, compared with static monoculture. Although dynamic coculture is in preference to static
coculture due to significant increase in ALP activity and promoted angiogenic marker expression.
Our finding is the first to indicate that the modified perfusion bioreactor combined with the
beneficial cell-cell crosstalk in pre-treated hASC/HUVEC cocultures provides a synergy between
osteogenic and angiogenic differentiation of the accumulation of cells, suggesting that it repre-
sents a promising approach for regeneration of critical-sized bone defects.

INTRODUCTION

It is a great challenge to prepare “vascularized func-

cells, irregular geometries, biocompatibility, osteo-
tional artificial bone” for the repair of large segmental

conductivity and osteoinductivity.>

defect, especially in weight-bearing bones.' Tt is
obvious that the success of prevascularization
depends on multiple factors, including source of
cells, differentiation-stimulated factors, and tissue
engineering environment such as the biomaterials,
structure of scaffolds, and bioreactors. Over the past
decade, scaffold design remains a challenge in tissue
engineering due to the large number of requirements
that need to be met, such as having the ability to
deliver cells, supporting differentiation of regenerative

Scaffolds with aligned microchannels regulate
in vitro cell activities, and enhance cell infiltration
and vascularization upon in vivo implantation which
result the desired construct with functional integra-
tion and better repair capacity.” 3D structures con-
taining porous hollow fibers for nutrition delivery
can be suitable for in vitro bioreactors studies for
production of tissue-engineered constructs or in vivo
prepared bone grafts.* Synergistic approach of incor-
porating osteoconductive nanomaterials built on
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a biomaterial scaffold which is hydrophilic, biocom-
patible, and specifically incorporated with biochem-
ical cues can direct bone regeneration.” The material
properties of scaffold have a strong effect on the
mechanical strength of final construct, especially
when they are subjected to tensile and compressive
stresses.’ Since calcium phosphate-based materials
direct stem cell differentiation toward osteolineage
cells, and PLGA as a hydrophilic material serve as
a platform for bone tissue regeneration,” B-TCP and
PLGA were used as the biomaterials of 3D porous
scaffold in this study. MSCs play fundamental roles
as promoters, enhancers, and playmakers of the
translational regenerative medicine which the most
reported translational use of MSC therapy is related
to bone tissue regeneration.” Mesenchymal stem
cells (MSCs) derived from bone marrow, adipose
tissue, or umbilical cords can be used as vasculariza-
tion units and considered as building blocks for
tissue engineering due to increased angiogenic and
vasculogenic potential.® The capability of MSCs to
differentiate into several cell types, as well as their
important immunomodulatory effects, support self-
regulated healing processes in damaged tissues.”
Osteogenic differentiation potential of oral derived
MSCs (human periapical cyst MSCs) along with
secretion of several immunomodulatory molecules
provide a regenerative microenvironment.” Oral-
derived MSCs such as human periodontal ligament
stem cells may be appropriate for angiogenesis.
Endothelial differentiation of human periodontal
ligament stem cells leads the cells to respond to
lipopolysaccharide derived from porphyromonas
gingivalis activating reactive oxygen species (ROS)
production as an important signaling molecule that
regulate multiple biological responses, including
angiogenesis.

MSCs have the ability to differentiate into osteo-
progenitors and osteoblasts as well as to form cal-
cified bone matrix.'"' The potential of hASCs as
a rich source of MSCs to stimulate osteogenesis
and angiogenesis holds interesting promises to the
field of bone tissue engineering.'* hASCs are more
efficient in both in vitro and in vivo angiogenesis
promotion than umbilical cord and endometrium
tissues due to secreting more proangiogenic cyto-
kines and less inhibitor."> Apart from multilineage
differentiation potential, hASCs have attracted
much attention due to strong proliferation and
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migration abilities in vitro and high resistance to
oxidative stress and senescence.'* Adipose stem
cells (ASCs) seeding on TCP-PLGA scaffolds
improves bone regeneration in large mandibular
defects, although further improvement with regard
to the osteogenic and neo-angiogenic capacity is
required to transfer this concept into clinical use."”

Synergistic promotion of HUVEC angiogenesis
and human MSC osteogenesis cocultured statically
on a nanomatrix'® or calcium phosphate cement
scaffold'” has been demonstrated. Coculture of
human-induced pluripotent stem cell-derived
MSCs and HUVECs enhances the formation of
capillary-like structures, osteogenesis and minera-
lization within the scaffold."” To achieve
a synergism between osteogenic and angiogenic
differentiation capacity and chemoattractive poten-
tial, a combination of adipose tissue, platelets and
cell culture supernatants appears promising for
potential clinical applications."®

HUVEC and bone marrow MSCs (BMSCs)
cocultures enhance vascularization in critical-sized
cranial defects in a time-dependent manner; in
which after 2 weeks of culture, 70% MSC have the
highest vessel length and endothelial cell network
area than other proportions, and after 3 weeks, 50%
MSC group is more vasculogenic than other
proportions.”” Along with vasculogenesis and
angiogenesis, mineralization is also required to
enhance the utility of construct for bone tissue-
engineering applications; coculture of primary
human endothelial cells and bone-derived osteo-
blasts in ratios of 5:1 improves vasculogenesis, but
the 1:5 direct coculture ratio results in most miner-
alization to improve bone formation.”® Endothelial
cells can form viable, circular, and stable spheroids
when combined with supporting cells (human fore-
skin fibroblasts, hASCs) in a 1/9 cell ratio.!
Inspired by previous studies, in the current study,
HUVECs and hASCs were mixed in a proportion of
1:2.5 (almost 70% hASCs) to bring the benefits of
angiogenic and osteogenic synergy of the accumu-
lation of cells.

The observation of bone formation at a bone
defect site of chick using coculture of BMSCs and
HUVECs has highlighted the efficacy of coculture
systems as an inexpensive, high-throughput ex vivo
model for preliminary research.”” Comparable
results have shown that local injection of BMSCs
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or ASCs can induce a significant improvement in
bone healing.”> Since human BMSCs requires an
invasive procedure to harvest, other cell sources of
MSCs such as hASCs could also serve as a valuable
alternative to BMSCs with similar osteogenic and
angiogenic capacity in vitro and in vivo.**
Coculture of hASCs and HUVECs on PCL/gelatin
nanofiber scaffolds generates a mature blood-vessel
-like network and increases the expression of tight
junction proteins compared with monocultured
HUVECs.”

Cellular mechanism of angiogenesis in both
endothelial cells (ECs) and ASCs are still heavily
debated. Angiogenesis in a 3D model containing
adipose tissue stem cells and ECs is mediated by
canonical Wnt signaling.”® Coculture of endothelial
progenitor cells and MSCs enhanced their prolif-
eration and angiogenesis through PDGF and Notch
signaling.”’ Silencing Schnurri-3 as a critical med-
iator of postnatal bone formation could dramati-
cally enhance the expression of Runx2, which
directly regulates the downstream target VEGF to
couple osteogenic differentiation with
angiogenesis.”® Interestingly, the exosomes secreted
by endothelial progenitor cells in stimulating
angiogenesis is closely coupled with osteogenesis
and accelerate bone regeneration during distraction
osteogenesis.>

Apart from coculture systems, mechanotrans-
duction can also stimulate osteogenesis indepen-
dently of other environmental factors.’® A recent
study has reported that bioreactor-based precondi-
tioning augments the bone-forming potential of
bone marrow aspirate.”'

Dynamic culture of BMSC and HUVEC in
a tubular perfusion bioreactor has further aug-
mented gene expression of alkaline phosphatase
(ALP), bone morphogenetic protein 2 (BMP-2),
vascular endothelial growth factor (VEGEF),
PECAM (platelet endothelial cell adhesion mole-
cule) compared with static coculture, indicating
a synergistic effect between coculture and
applied shear stress.”> Perfusion bioreactor with
flow rate of 1 to 5mL/min improves nutrient
exchange and waste removal, resulting in
increased cell viability, while cyclic compression
loading at frequencies of 0.5 to 5Hz enhances
extracellular matrix (ECM) mineralization.® It
has been also reported that continuous perfusion

cultures at flow rate of 1 ml/min support osteo-
genic differentiation and ECM formation of
hASCs in a macroporous ceramic scaffold.**
Dynamic MSCs culture increases expression of
osteoblastic marker genes even under physiolo-
gical level of low fluid flow-induced shear stress
(0.012-0.015 Pa).”

Tubular perfusion bioreactor provides long-
term shear stresses on osteoblastic differentia-
tion of hMSCs, in which flow rate of 3 ml/min
is preferable to 10 ml/min, because both 3 and
10 mL/min flow rate stimulated the osteoblastic
differentiation of the cells, but alginate scaffold
dissolution in 3 ml/min does not occur too
quickly.”® Since degradation of PLGA/B-TCP
scaffolds under dynamic conditions exhibited
a significantly faster rate than that under static
conditions,”” in the current study, flow rate of
3 ml/min was selected for the modified perfu-
sion bioreactor, in which a five-branch flow
distributor evenly distributes culture medium
within the 3D scaffold.

Since differentiation-stimulated factors and
ECs both play active roles in bone regeneration,
a recent study has compared the effects of both
BMP-2 and HUVECs and showed both factors
significantly promotes the osteogenic potential
of MSCs in vitro, although BMP-2 displayed
a significantly faster effect than HUVECs.*®
The use of safe, quality-controlled, and poten-
tially advantageous supplements such as
human-platelet lysate instead of fetal bovine
serum in culture medium could establish clin-
ical-grade protocols for regenerative medicine
applications.”® The osteogenic markers includ-
ing ALP, osteopontin, and osteocalcin were
increased by 25-hydroxyvitamin D3 and la,25-
dihydroxyvitamin D3 (1,25-(OH),VitD3) in
a dose-dependent manner in which 10 nM
1,25-(OH),D3 increased ALP activity and osteo-
genic differentiation more than 0.05, 0.1 and
1 nM.** In addition, 30 min pretreatment with
physiological concentration (10 nM) of
1,25-(OH),VitD; is far superior to continuous
treatment in stimulating osteogenic differentia-
tion of hASCs.*!

Based on our previous
reported data,”’ we treated hASCs with
1,25-(OH),VitD;  before  coculture  with
HUVEC to evaluate osteogenesis and



angiogenesis of the accumulation of cells in the
current study.

Therefore, we tested the effect of flow perfusion
culture on osteogenic and angiogenic differentia-
tion of hASCs and HUVECs coculture, which has
considerable potential for bone tissue regeneration.
Moreover, we compared the potency of dynamic
coculture for symbiotic relationship between osteo-
genic and angiogenic differentiation, to static and
dynamic monoculture.

METHODS
PLGA/B-TCP/PCL Scaffold

The porous cylindrical poly(lactic-co-glycolic
acid)/p-tricalcium phosphate (PLGA/B-TCP) scaf-
fold employed in this study has a diameter of
22 mm and a height of 10 mm which five blind
end polycaprolactone (PCL) porous hollow fibers
were embedded in the scaffold (PLGA/B-TCP
/PCL). Inner diameter of the PCL porous hollow
fibers was 2 mm and the height was 30 mm which
10 mm of the hollow fibers was incorporated in the
scaffold (Figure 6).

PCL (Mw = 80kDa) was dissolved in solvent
mixture of formic acid/ acetic acid (4/1) to obtain
a 13% solution. The PCL solution delivered by the
syringe pump at the flow rate of 1 mL/h to a 21-
gauge blunt syringe needle which was horizontally
fixed at 14 cm from the collector. High DC voltage
was applied to the polymer solution at a voltage of
+28 kV for needle. PCL porous hollow fibers were
modified with sodium hydroxide 3 M for 30 min to
create carboxyl and hydroxyl groups.

A mold for the correct placement of hollow
fibers inside the scaffold was made by a 3D printer.
PCL hollow fibers were placed at pre-defined loca-
tions in the mold and sugar crystals with size of
300-500 pm were added around the fibers in the
mold. The mold containing fibers and sugar crys-
tals was put in a humidified sealed container at
37°C for 16 hours to fuse the sugar crystals and
left to dry at room temperature for 24 h. PLGA (75/
25, PURAC Biomaterials, Netherlands) was dis-
solved in DMSO (Sigma) according to the concen-
tration of 12.5% (w/v) and was thoroughly mixed
with B-TCP particles (0.5-1 um) (Nik Ceram Razi,
Isfahan, Iran) according to the PLGA/B-TCP ratio
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of 2:1 (w/w). This mixture was then added drop-
wise to the mold allowing it to completely diffuse
throughout the fused sugar crystals. Afterward, the
mold was transferred to —20°C for 2 hours to set the
mixture. Sugar crystals were leached out of the
precipitated PLGA/B-TCP mixture in deionized
water at room temperature for 3 days, during
which time the water was changed approximately
3 times each day. The scaffolds were sterilized by
75% alcohol and washed 3 times with PBS followed
by 30 min ultraviolet light.

Pre-treatment of hASCs with 1,25-(OH),VitD; and
coculture of pre-treated hASCs and HUVECs

Human umbilical vein endothelial cells (HUVECs:)
were obtained from the National Cell Bank, Pasteur
Institute of Iran (Tehran, Iran). Isolation procedure of
human adipose stem cells (hASCs) was described by
Overman et al.,*” which heterogeneity studies, includ-
ing cell characterization and multipotent differentia-
tion potential of these cells, have been reported
previously by their group™** and proved that almost
90% of the hASCs within the freshly isolated SVF
rapidly adhere to various scaffold types.*’

hASCs were incubated for 30 minutes with/with-
out 10°® M 1,25-(OH),VitD; (Sigma-Aldrich) at
room temperature. Then hASCs were washed with
PBS, centrifuged, and re-suspended in Minimum
Essential Medium Eagle Alpha Modification (a-
MEM) without supplements. First, pre-treated
hASCs which was seeded on PLGA/B-TCP/PCL
scaffolds and cultured under static condition, com-
pared with non-treated hASCs.

Secondly, HUVECs and hASCs were mixed in
a proportion of 1:2.5 (10° HUVECs:2.5 x 10°
hASCs)" and cultured in Dulbecco’s Modified
Eagle’s Medium/Nutrient F-12 Ham (DMEM/
F12) and o-MEM in same proportion.*
Subsequently, 3.5 x 10° cells of the mixed cell
suspension were added to each scaffold in
a dropwise manner and incubated for 30 min.
Thereafter, an additional 200 ul of culture medium
was slowly added to each scaffold (three 30-minute
cycles), after 2 hours, 10 ml of culture medium was
added to each scaffold and hASCs/HUVECs-
scaffolds were incubated in a humidified atmo-
sphere at 37°C and 5% CO, overnight to allow cell
attachment to the scaffolds. Scaffolds were also
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cultured with 2.5 x 10° hASCs alone to be used as
monoculture controls.

Dynamic culture using modified perfusion
bioreactor versus static culture using flask
bioreactor

After overnight static culture, a bioreactor group
scaffolds, which were seeded by hASCs in
a monoculture or 2.5:1 ratio with HUVECs (cocul-
ture group), were transferred to the modified perfu-
sion bioreactors (one scaffold for each bioreactor),
loaded with a total of 70 ml of culture medium
(Figure 6). 30 ml of the culture medium was
replaced twice a week for a total of two weeks.
The static culture groups remained in the flask
bioreactor with the same volume of culture med-
ium. Cultures were divided into four groups: static
coculture, dynamic coculture, static monoculture,
dynamic monoculture.

A novel perfusion bioreactor system, developed
in this study, was composed of the bioreactor as
a main part containing a five-branch flow distribu-
tor which was connected to the PCL hollow fibers,
tubing part, and a peristaltic pump (ISMATEC,
Germany) with the flow rate of 3 ml/min. In case
of nonexistence of culture medium in the main
reservoir of bioreactor, the culture medium was
flowed into the scaffold and it was observed that
the culture medium was well distributed in the
scaffold at 3 ml/min. At lower flow rates, the med-
ium did not penetrate into the scaffold through
PCL hollow fibers, and at higher flow rates, the
PLGA/B-TCP scaffold degradation occurred too
quickly within 14 days of culture. Inspired by pre-
vious studies mentioned in introduction section
and our observations, the flow rate of 3 ml/min
was selected.

hASCs/HUVECs proliferation on PLGA/B-TCP/PCL
scaffolds

The alamarBlue® assay was used to assess cell
viability. After overnight static culture and
14 days of dynamic culture, the hASCs/
HUVECs-seeded scaffolds were treated in

alamarBlue for 4 hours and fluorescence was
read in medium samples at excitation 530 nm
and emission 590 nm. We found a linear rela-
tionship between AlamarBlue fluorescence and
cell number in both monoculture and coculture
systems (data not shown).

Analysis of gene expression

Total RNA was extracted from hASCs cultured on
PLGA/B-TCP/PCL scaffolds after 14 days, using
TRIzol® reagent (Life Technologies'™) according
to the manufacturer’s instruction, and stored at
—80°C until further use. cDNA synthesis was per-
formed in a thermocycler GeneAmp® PCR
System9700 PE (Applied Biosystems, Foster City,
CA, USA), using SuperScript® VILO™ cDNA
Synthesis Kit (Life Technologies™) with 0.1 ug
total RNA in a 20 pL reaction mix containing
VILO™ Reaction Mix and SuperScript® Enzyme
Mix. cDNA was stored at —20°C prior to real-time
PCR analysis.

Real-time PCR reactions were performed using
1 puL of 5x diluted ¢cDNA and SYBR® Green
Mastermix (Roche Laboratories, IN, USA) accord-
ing to the manufacturer’s instructions in
a LightCycler® (Roche Diagnostics). Real-time
PCR conditions for all genes were as follows:
10 min pre-incubation at 95°C, followed by 45
cycles of amplification at 95°C for 2s, 56°C for 8s,
72°C for 10s, and 82°C for 5 s, after which melting
curve analysis was performed. In each run the reac-
tion mixture without cDNA was used as negative
control. All primers used for real-time PCR were
from Life Technologies™ (Supplementary Table
S1). For quantitative real-time PCR, the values of
relative gene expression were normalized using
human 14-3-3 protein zeta/delta (YWHAZ) and
hypoxanthine-guanine phosphoribosyltransferase
(HPRT) housekeeping gene expression for
Figure 1, and using beta2-microglobulin (B2m)
housekeeping gene expression for Figure 5. Real-
time PCR was used to assess expression of the
following genes: alkaline phosphatase (ALP), osteo-
pontin (OPN), osteonectin (SPARC), Runt-related
transcription factor 2 (RUNX2), Osteocalcin
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Figure 1. Short 1,25-(0OH),VitD; pre-treatment effects on osteogenic and angiogenic gene expression of hASCs seeded on PLGA/B-TCP
/PCL scaffold after 2 weeks. 30 min 1,25-(0OH),VitD; pre-treatment increased (a) Ki-67 by 10.8-fold, (b) ALP by 43.2-fold, (c) OPN by
2.4-fold, (d) SPARC by 2.6-fold, decreased (e) VEGF,go by 0.78-fold, and enhanced (f) VDR by 4.9-fold compared to non-treated controls.
Values are mean £ SEM (n = 3). PLGA, poly(lactic-co-glycolic acid); B-TCP, B-tricalcium phosphate; PCL, Polycaprolactone, Ki-67,
proliferation marker; ALP, alkaline phosphatase; OPN, osteopontin; SPARC, osteonectin; VEGF, vascular endothelial growth factor; VDR,
vitamin D nuclear receptor. Significantly different from control, **p < .01, ***p < .001.

(OCN), cytochrome P450 family 27 subfamily
B member 1 (CYP27BI1), vitamin D receptor
(VDR), vascular endothelial growth factor
(VEGF,45 and VEGF,g), Endothelin 1 (ET-1),
and proliferation marker (ki-67). In each assay for
osteogenic markers, cDNA from osteoblasts or
human  reference  (Agilent  Technologies,
Stratagene Products Division, La Jolla, CA, USA)
was used as reference DNA. With Light Cycler®
software (version 1.2), crossing points were
assessed and plotted versus the serial dilution of
known concentrations of the reference DNA (2.5-
0.004 ng/uL). Gene expression was compared
between cells seeded on 3D scaffolds in monocul-
ture or coculture conditions under static or
dynamic cultivation.

ALP activity assay and protein assay

ALP activity was measured to assess the osteoblastic
phenotype of hASC seeded on BCP20/80 scaffolds.
After 14 days of culture, the scaffolds were trans-
ferred to 24-well culture plates (Cellstar,
Frickenhausen, Germany) and washed with PBS.
The cells were lysed with cOmplete™ Lysis-M buffer
to determine ALP activity and protein content.
P-nitrophenyl-phosphate (Fluka, Poole, UK) at
pH 10.3 was used as substrate for ALP. The absor-
bance was read at 405 nm using a ELISA reader
(Stat Fax 2100, Awareness Technology Inc., USA).
ALP activity was expressed as umoles of p-nitro-
phenol formed per hour per milligram of cellular
protein. After 14 days of culture, ALP activity was

also visualized using nitro blue tetrazolium chlor-
ide/5-bromo-4-chloro-3-indolyl phosphate (NBT/
BCIP; Roche, Mannheim, Germany) following the
standard protocol. The amount of protein was
determined by using a BCA Protein Assay reagent
Kit (Pierce™, Rockford, III, USA), and the absor-
bance was read at 540 nm with a ELISA reader (Stat
Fax 2100, Awareness Technology Inc., USA).

Scanning electron microscopy (SEM)

SEM was used to study micro-surrounding of the
cells on the scaffold. To carry out a SEM analysis,
the cells in the scaffolds were fixed in 2.5% glutar-
aldehyde, overnight. After washing with PBS, the
cultured scaffolds were dehydrated serially in etha-
nol 30, 50, 70, 80, 90, and 100% and then dried with
CO, critical point dryer and coated with gold. The
samples were imaged by SEM (AIS2100, Seron
Technologies, South Korea).

Statistical analysis

Data obtained using hASCs were expressed as mean
+ SEM. The effect of 1,25-(OH),VitD; treatment
compared to non-treated cells and the effect of
dynamic mono/coculture compared to static
mono/coculture was tested with the Student’s
t-test for single group mean. ANOVA two-way
analysis of variance was used to compare attach-
ment data between treated cells and non-treated
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cells as well as static and dynamic culture.
Differences were considered significant if p < .05.
Statistical analysis was performed using GraphPad
Prism® 5.01 (GraphPad Software Inc., La Jolla, CA,
USA). All experiments were performed in
triplicate.

RESULTS

Effect of 30 min pre-treatment with 1,25-(OH),VitD;
on osteogenic gene expression of hASCs

30 min 1,25-(OH),VitD4 pre-treatment
increased proliferation marker (ki-67) by
10.8-fold, ALP by 43.2-fold, osteopontin (OPN)
by 2.4-fold, osteonectin (SPARC) by 2.6-fold,
decreased VEGF;g39 by 0.78-fold, and enhanced
vitamin D receptor (VDR) expression by 4.9-fold
in hASCs seeded on PLGA/B-TCP/PCL scaffold
after 14 days of static monoculture, compared to
non-treated controls (Figure 1) which also agrees
with our previous reported data.*' We reported
a similar results regarding hASCs seeded on
biphasic calcium phosphate scaffold composed
of 20% hydroxyapatite and 80% [-TCP in

which the highest ALP activity occurred on day
14.*! Based on our previous data, the number of
days for static and dynamic culture in this study
was selected 14 days.

Effect of hASC-HUVEC coculture on cell proliferation

Static coculture, dynamic coculture, static mono-
culture, and dynamic monoculture increased pro-
liferation by 2.79-fold, 2.91-fold, 2.98-fold, and
3.11-fold, respectively, after 14 days, without any
significant difference between the comparing
groups (Figure 2a).

Effect of dynamic hASC-HUVEC coculture and hASC
monoculture on ALP activity

ALP activity of hASCs after 14 days of dynamic
coculture was increased by 7.1-fold compared to
static coculture, while ALP activity of dynamic
monoculture was increased 24.1-fold relative to
static monoculture after 2 weeks of culture
(Figure 2b). ALP activity of static coculture was
increased by 2.2-fold relative to static monoculture.
Dynamic monoculture increased ALP activity by
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Figure 2. Dynamic co/monoculture versus static co/monoculture effects on metabolic activity and ALP activity of hASCs. hASCs were
pre-treated for 30 min with 1,25-(OH),VitDs and cocultured with HUVECs in a modified perfusion bioreactor (dynamic culture) and flask
bioreactor (static culture) for 14 days. (a) Static coculture, dynamic coculture, static monoculture and dynamic monoculture increased
proliferation by 2.79-fold, 2.91-fold, 2.98-fold, and 3.11-fold, respectively. (b) Dynamic coculture increased ALP activity by 7.1-fold
compared to static coculture and dynamic monoculture increased ALP activity by 24.1-fold compared to static monoculture. Values are
mean £ SEM (n = 3). ALP, alkaline phosphatase; hASCs, human adipose stem cells; 1,25-(OH),VitDs, 1,25-dihydroxyvitamin Ds. HUVEC,
human umbilical vein endothelial cells. *Significantly different from static culture, p < .05.
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Static coculture

Dynamic coculture

Dynamic monoculture

Figure 3. hASCs were stained for ALP activity using NBT/BCIP. hASCs were pre-treated for 30 min with 1,25-(0OH),VitD3 and cocultured
with HUVECs in static and dynamic culture for 14 days. Dynamic co/monoculture notably increased ALP activity compared to the static
co/monoculture. hASCs, human adipose stem cells; ALP, alkaline phosphatase; NBT/BCIP, nitro blue tetrazolium chloride/5-bromo-
4-chloro-3-indolyl phosphate; HUVEC, human umbilical vein endothelial cells, 40X magnification.

1.5-fold, compared with dynamic coculture.
Moreover, this was also confirmed by ALP staining
after 14 days of culture to better visualize the ALP
activity (Figure 3). The cells were also observed
using scanning electron microscopy (SEM) to con-
firm the micro-surrounding of the cells on the
scaffold (Figure 4).

Effect of hASC-HUVEC coculture and hASC
monoculture on osteogenic and angiogenic
differentiation

Osteogenic and angiogenic gene markers were quan-
tified for all samples of static coculture, dynamic
coculture, static monoculture, and dynamic mono-
culture system (Figure 5). Osteogenic gene markers
included runt-related transcription factor 2 (RUNX2)
as a well-known master transcriptional regulators of
skeletogenesis,”® OPN as a crucial marker for bone
remodeling and biomineralization,”” SPARC which

regulates the activity of osteoblasts and osteoclasts
and is expressed by osteoblasts undergoing active
matrix deposition,48 and osteocalcin (OCN) which
mediates biomineralization during osteogenic
maturation,'" were analyzed. Angiogenic gene mar-
kers including Endothelin-1 which is implicated in
the signaling between vascular endothelial cells and
osteoblasts during bone development, remodeling
and repair,” and VEGF which contributes to cou-
pling of osteogenesis to angiogenesis and bone healing
during different phases of bone repair’® were also
analyzed. VEGFgy contains two heparin-binding
sites and therefore sequestered in the ECM, and
VEGF,¢5 is the most abundant isoform containing
one heparin binding site.”

Analyzed gene expression showed that (i) static
coculture increased Ki-67 expression by 72-fold,
RUNX2 by 12-fold, OPN by 2.8-fold, SPARC by
4.2-fold, OCN by 2.9-fold, VEGF,s5 by 5.8-fold,
VEGF g9 by 9-fold, Endothelin-1 by 154-fold, and
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Dynamic coculture

Dynamic monoculture

Figure 4. The cells was visualized using scanning electron microscopy (SEM) to confirm the micro-surrounding of the cells on PLGA/B-
TCP/PCL scaffold. hASCs were pre-treated for 30 min with 1,25-(0OH),VitDs; and cocultured with HUVECs in static and dynamic culture
for 14 days. PLGA, poly(lactic-co-glycolic acid); B-TCP, B-Tricalcium phosphate; PCL, Polycaprolactone; hASCs, human adipose stem
cells; 25-(OH),VitDs, 1,25-dihydroxyvitamin Ds; HUVEC, human umbilical vein endothelial cells.

CYP27B1 by 7-fold,
monoculture.

(ii) Dynamic coculture increased Ki-67 expres-
sion by 6.8-fold, VEGF45 by 6-fold, VEGF,g9 by
2-fold, Endothelin-1 by 4-fold, and CYP27B1 by
5-fold, compared to dynamic monoculture.
Although, dynamic monoculture increased
RUNX2 expression by 1.8-fold, OPN by 1.4-fold,
SPARC by 2.9-fold, and OCN by 1.4-fold, com-
pared to dynamic coculture.

(iii) Dynamic monoculture increased Ki-67
expression by 5-fold, RUNX2 by 10.9-fold, OPN
by 8.6-fold, SPARC by 10.4-fold, OCN by 4-fold,
VEGF;65s by 1.1-fold, VEGF;3 by 5.7-fold,

compared to static

Endothelin-1 by 35-fold, and CYP27B1 by
15.4-fold, compared to static monoculture.

(iv) Dynamic coculture increased VEGF 45
expression by 1.2-fold, VEGF,gy by 1.3-fold, OPN
by 2.1-fold, and decreased RUNX2 by 0.5-fold and
Ki-67 by 0.5-fold compared to static coculture,
although SPARC, OCN, and Endothelinl genes
were almost equally expressed in both static and
dynamic coculture.

DISCUSSION

Here we investigated whether flow perfusion cul-
ture would affect osteogenic and angiogenic
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Figure 5. Dynamic co/monoculture versus static co/monoculture effects on osteogenic gene expression of hASCs and angiogenic gene
expression of the accumulation of cells on PLGA/B-TCP/PCL scaffold. Pre-treated hASCs with 1,25-(OH),VitD; cocultured with HUVECs
in static and dynamic culture for 14 days. Dynamic coculture increased (a) Ki-67 expression by 6.8-fold; decreased (b) RUNX2 by 0.55-
fold, (c) OPN by 0.71-fold, (d) SPARC by 0.33-fold, and (e) OCN by 0.71-fold; increased (f) CYP27B1 by 5-fold (g) VEGF¢s by 6-fold, (h)
VEGF, g9 by 2-fold, and (i) Endothelin-1 by 4-fold compared to dynamic monoculture. Values are mean + SEM (n = 3). PLGA, poly(lactic-
co-glycolic acid); B-TCP, B-Tricalcium phosphate; PCL, Polycaprolactone; Ki-67, proliferation marker; RUNX2, Runt-related transcription
factor 2; OPN, osteopontin; SPARC, osteonectin; OCN, osteocalcin; CYP27B1, cytochrome P450 family 27 subfamily B member 1; VEGF,
vascular endothelial growth factor. *Significantly different from dynamic monoculture, p < .05.
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Figure 6. Design and preparation of (a) 3D printed mold for the correct placement of hollow fibers inside the scaffold; (b) pre-defined
locations of hollow fibers in the mold; (c,d) cylindrical glass for adding sugar crystals around the fibers; (e) PLGA/B-TCP/PCL scaffold. (f)
Connecting five-branch distributor to the scaffold. (g) Modified perfusion bioreactor system.

differentiation of coculture of HUVECs and
hASCs, and compared with static and dynamic
monoculture of hASCs. The ultimate goal was to
promote osteogenic and angiogenic synergy of
hASCs and HUVECs in large bone tissue-
engineered constructs (thickness>1 c¢m) for the
reconstruction of critical-sized bone defects;
although animal studies is required to fulfill this
goal and realize the implication of this technique
in vivo.

We found that (i) 30 min 1,25-(OH),VitD; pre-
treatment of hASCs enhanced expression of prolif-
erative and osteogenic differentiation markers
more than non-treated controls, (ii) in case of static
culture, osteogenic and angiogenic gene expression
of hASC-HUVEC coculture systems was more pro-
nounced than that by hASC monoculture, (iii) in
case of dynamic culture, although hASC monocul-
ture increased osteogenic gene expression more
than hASC-HUVEC coculture, angiogenic markers
in hASC-HUVEC coculture was more significantly
expressed at day 14, compared to monoculture, (iv)
dynamic monoculture notably increased osteogenic
and angiogenic gene expression compared to static
monoculture, (v) dynamic coculture enhanced
VEGF 65, VEGF; g9, and OPN gene expression and
ALP activity compared to static coculture.
Although SPARC, OCN, and Endothelinl genes
almost equally expressed in both static and
dynamic coculture system. RUNX2 and Ki-67

gene expression of dynamic coculture was lower
than static coculture. (vi) no significant differences
in proliferation was observed between the groups.

We found that VEGF;s9, VEGF¢s5, and
Endothelin-1 genes in coculture group expressed
at a higher value than in monoculture which sig-
nifies the heightened angiogenic potential of
coculture group,”'~>> which is in line with recent
findings of Chen et al. using coculture of human
BMSCs and HUVEC,'® Cai et al. using hASCs and
HUVEGC,”® Kook et al. using hASCs and
HUVEC,” and Liang et al. using coculture of
human BMSCs and endothelial progenitor cells
under static culture.’” A comparable result has
been also reported that direct co-culture of
endothelial progenitor cells and BMSCs under
static culture enhances vascularization and osteo-
genesis due to cell-cell communication both
in vitro and in vivo.”* Lastly, it has been revealed
a significant increase of VEGF expression in static
ASC-EC co-culture compared to static BMSC-EC
co-culture.>

Flowing blood creates a frictional force called
shear stress that has noticeable effects on vascular
function by activating mechanosensitive signaling
pathways in vascular endothelial cells.”® Laminar
shear stress can directly activate growth factor
receptors on stem/progenitor cells, initiating sig-
naling pathways leading toward endothelial cell
differentiation.”” The shear stress created by



dynamic culture contributes to hASCs differentia-
tion into endothelial-like cells.”® Dynamic cocul-
ture contributes to the improvement of angiogenic
marker expression (VEGF,45 and VEGF;g9) com-
pared to static coculture at day 14, as also reported
by Nguyen et al. using coculture of human BMSCs
and HUVEC in tubular perfusion system.>* On the
basis of similar finding with BMSCs, dynamic load-
ing directs stem cell behavior toward VEGF gene
expression.”” As observed in an earlier study,
dynamic co-culture of HUVECs and human
smooth muscle cells within a perfusion bioreactor
generates early microvascular network in natural
and synthetic bone scaffolds through EC lumen
formation within decellularized native bone and
upregulating EC-specific gene expression of
HUVECs cultured on 3D-printed hyperelastic
bone scaffolds.®

According to our findings, dynamic coculture
decreased expression of early osteogenic marker
(RUNX2) and increased expression of intermediate
osteogenic marker (OPN) and significantly
enhanced ALP activity compared to static coculture
which signifies the start of new bone formation and
mineralization by hASCs. No differences were
observed in expression of late osteogenic markers
(SPARC and OCN) between static and dynamic
cocultures. These changes in the osteogenic beha-
vior and dynamic gene expression patterns support
the idea of combining both static and dynamic
environments into a coculture system.”?

All in all, static coculture significantly enhanced
osteogenic and angiogenic differentiation at day 14
compared to static monoculture. Due to significant
increase in ALP activity and enhanced expression
of angiogenic markers, dynamic coculture is in
preference to static coculture. Dynamic coculture
has high priority compared with dynamic mono-
culture due to enhanced expression of angiogenic
markers. Other studies have revealed other aspects
of dynamic culture and reported that dynamic
mechanical stimuli during the culture period
improve the mechanical properties of the tissue-
engineered vessels by more collagen and elastin
expression within the extracellular matrix
(ECM).®' In addition, fluid shear stress has
a positive effect on the biomineralization process
of tissue-engineered bone, as evidenced by the
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enhanced degree of collagen self-assembly and the
accelerated speed of amorphous calcium phosphate
formation and transition.®®

The role of CYP27B1 is in vitamin D hormone
activation by converting 25-hydroxyvitamin D to
1,25-(OH),D;. Hence, the presence of 1,25-(OH),
D; inhibit CYP27B1 gene expression.*
Upregulation of CYP27B1 expression in dynamic
coculture may lead to inhibition of 1,25-(OH),
VitD; activity which subsequently downregulated
osteogenesis. In contrast to dynamic hASCs mono-
cultures, dynamic cocultures showed less osteo-
genic gene expression and related protein content,
but much more angiogenic gene expression.
Indeed, in dynamic coculture system, osteogenic
and angiogenic differentiation have synchronous
synergy, which is a prerequisite for the perfor-
mance and life span of tissue-engineered bone
implant in vivo.

Flow perfusion in dynamic monoculture of
hASCs significantly upregulated ALP activity and
expression of osteogenic genes compared with sta-
tic monoculture which agrees with findings by
others using ASCs®® and BMSCs.®* Moreover, we
found that dynamic monoculture enhanced angio-
genic gene expression of hASCs compared to static
monoculture. Increased angiogenesis in dynami-
cally cultivated MSC aggregates may be promising
for future clinical application.®

In conclusion, we used ALP assay, ALP staining,
AlamarBlue assay, analysis of osteogenic and angio-
genic gene expression to evaluate the synergistic
effects of flow perfusion and cocultured hASCs
with HUVECs on osteogenesis and angiogenesis
of the accumulation of cells. As compared to mono-
cultures, flow perfusion and coculture condition
synergistically enhanced angiogenic gene expres-
sion of the accumulation of cells. In dynamic cul-
ture, although hASC monoculture increased
osteogenic gene expression more than hASC-
HUVEC coculture, angiogenic markers in hASC-
HUVEC coculture was more significantly expressed
compared to monoculture. In static culture, osteo-
genic and angiogenic gene expression of hASC-
HUVEC coculture systems was more pronounced
than that by monoculture. Altogether, dynamic
culture has considerable advantage over static cul-
ture in terms of ALP activity. Dynamic cocultures
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of hASCs and HUVECs enhanced synergistic effect
of angiogenic and osteogenic differentiation more
strongly than dynamic monoculture of hASCs, sug-
gesting that it represents a promising approach for
bone tissue regeneration. Although, the further step
entails animal studies to prove the applicability of
the current technique in vivo.
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