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anite enhanced vascularization
and osteogenic differentiation of human induced
pluripotent stem cells in 3D scaffolds in vitro and
vivo†

Xixi Dong, ‡a Haiyan Li, ‡b Lingling E,a Junkai Cao*a and Bin Guo*a

A growing number of studies suggest that the modulation of cell differentiation by biomaterials is critical for

tissue engineering. In previous work, we demonstrated that human induced pluripotent stem cells (iPSCs)

are remarkably promising seed cells for bone tissue engineering. In addition, we found that the ionic

products of akermanite (Aker) are potential inducers of osteogenic differentiation of iPSCs. Furthermore,

composite scaffolds containing polymer and bioceramics have more interesting properties compared to

pure bioceramic scaffolds for bone tissue engineering. The characteristic of model biomaterials in bone

tissue engineering is their ability to control the osteogenic differentiation of stem cells and

simultaneously induce the angiogenesis of endothelia cells. Thus, this study aimed at investigating the

effects of poly(lactic-co-glycolic acid)/Aker (PLGA-Aker) composite scaffolds on angiogenic and

osteogenic differentiation of human iPSCs in order to optimize the scaffold compositions. The results

from Alizarin Red S staining, qRT-PCR analysis of osteogenic genes (BMP2, RUNX2, ALP, COL1 and OCN)

and angiogenic genes (VEGF and CD31) demonstrated that PLGA/Aker composite scaffolds containing

10% Aker exhibited the highest stimulatory effects on the osteogenic and angiogenic differentiation of

human iPSCs among all scaffolds. After the scaffolds were implanted in nu/nu mice subcutaneous

pockets and calvarial defects, H&E staining, BSP immunostaining, qRT-PCR analysis and micro-CT

analysis (BMD, BV/TV) indicated that PLGA + 10% Aker scaffolds enhanced the vascularization and

osteogenic differentiation of human iPSCs and stimulated the repair of bone defects. Taken together,

our work indicated that combining scaffolds containing silicate bioceramic Aker and human iPSCs is

a promising approach for the enhancement of bone regeneration.
1. Introduction

Induced pluripotent stem cells (iPSCs) have been widely used as
seed cells in bone tissue engineering because they present high
similarity with embryonic stem cells (ESCs), can be easily
generated from somatic cells, and their use can avoid immu-
nological rejection and is exempt from ethical restrictions.1–3

Bilousova et al. reported that osteoblasts derived from iPSCs can
form calcied structures in three-dimensional (3D) scaffolds
both in vitro and in vivo.4 Moreover, numerous studies have
demonstrated that iPSCs or modied iPSCs seeded on 3D
scaffolds improve bone regeneration and the repair of bone
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tion (ESI) available. See DOI:

70
defects in vivo.5–7 Thus, studies on the incorporation of iPSCs in
tissue engineering are highly encouraged.

In a previous work, we found that silicon (Si) ions released
from silicate-based bioceramic Akermanite (Aker) enhance the
osteogenic differentiation of human iPSCs.8 This nding sign-
posted the application potential of Aker scaffolds as suitable
carriers of iPSCs in bone tissue engineering. However, given
that bone tissue is an organic/inorganic composite, three-
dimensional (3D) scaffolds with the organic/inorganic
composites display obvious advantages compared to pure
organic scaffolds.9–14 Among these scaffolds, polyester/silicate
bioceramic composite scaffolds have attracted particular
attention in the eld of bone regeneration15–17 owing to the
excellent bioactivity of silicate ceramics and the good biocom-
patibility and degradability of polyesters.18–20 On the one hand,
the inorganic part of composites, including bioceramic calcium
silicate (CS), bioglass (BG) and Aker, could induce hydroxyapa-
tite deposition on scaffolds, which is a critical factor for
enhancing bone regeneration. On the other hand, the bio-
ceramics in composite scaffolds could release Ca and Si ions,
This journal is © The Royal Society of Chemistry 2019
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which could not only stimulate osteogenic differentiation of
different stem cells15–17,21–23 but also balance the acidic micro-
environment caused by the degradation of organic mate-
rials.10–14 Therefore, it is advantageous to incorporate Aker in
composite scaffolds during bone tissue engineering. However,
studies focused on the incorporation of Aker in composite
scaffolds are limited and in-depth studies are needed to eluci-
date and validate Aker-based composite scaffolds.

Angiogenesis is a key challenge in bone regeneration.
Previous studies demonstrated that silicate-based bio-
ceramics, including CS and BG could stimulate angiogen-
esis.15,16,24–28 In a previous study, we fabricated an organic/
inorganic composite scaffold poly(lactic-co-glycolic acid)
PLGA/calcium silicate (CS), and found that the composite
scaffolds could signicantly enhance the osteogenic and
angiogenic differentiation of human bone marrow stromal
cells (HBMSCs) and human umbilical vein endothelial cells
(HUVECs).15 Aker ionic products and its bioceramic scaffolds
have also been reported as enhancers of the angiogenic
differentiation of human aortic endothelial cells (HAECs) in
bone regeneration.29,30 Furthermore, the degradable poly-
lactic acid composite scaffold (PDLLA)/Aker has been also
reported to enhance the angiogenesis of HUVECs.17 The
above evidences show that the Aker bioceramics are able to
induce angiogenesis. However, the effect of Aker on the
angiogenic differentiation of iPSCs has not been reported so
far. This is a new interesting frame to explore in bone tissue
engineering.

The 3D porous structure of the composite scaffolds offers
cells 3D environment, and prevent cells to ow away from tar-
geted site while allowing nutrients and oxygen to be diffused in,
and wastes to be discharged out.31 Moreover, the incorporation
of inorganic particles into polymers could produce suitable
hydrophilicity scaffolds with satisfactory properties for cell
adhesion and proliferation.10–14 Up to now, there is no well-
characterized engineered 3D porous iPSCs-carrying composite
scaffold that is able to simultaneously induce both the angio-
genic and osteogenic differentiation of iPSCs. In addition, the
function and behavior of iPSCs in bone repair is not well
elucidated.

Therefore, in this study, we aimed to fabricate PLGA/Aker
composite scaffolds and investigate whether the Aker in
composite 3D scaffolds can stimulate the angiogenic and oste-
ogenic differentiation of human iPSCs in vitro and in vivo. The
ultimate goal is to obtain a suitable engineered iPSCs-carrying
scaffold for bone repair.
2. Experimental
2.1 Cell culture

The human iPSCs were purchased from Beijing Cellapy
Biotechnology (China). Human iPSCs were cultured on
Matrigel-coated dishes (BD Biosciences, Canada) with PSCeasy
medium (Beijing Cellapy Biotechnology, China). Diffeasy
medium (Beijing Cellapy Biotechnology, China) was used in
differentiation studies.
This journal is © The Royal Society of Chemistry 2019
2.2 Preparation of PLGA/Aker composite scaffolds and in
vitro cell seeding

The akermanite powder was prepared as described previously.32

Poly(lactic-co-glycolic acid) (PLGA, 75 : 25 molar ratio,Mw 1/4 50
kDa) was purchased from Jinan Daigang Co. (Jinan, China).
Previous studies showed PLGA does not disturb the osteo-
genesis of iPSCs.33 Aker particles with size ranging from 100 to
150 mmwere used to prepare the PLGA/Aker composite scaffolds
with two different weight ratios of CS: PLGA + 10% Aker and
PLGA + 20% Aker according to our previous studies.11,14,15 The
pure PLGA and composite scaffolds were prepared by solvent
casting particle leaching method reported in literature.12

Before cells were seeded, scaffolds were cut into disk-shape,
4 mm in diameter and 2 mm in thickness. The scaffolds were
immersed into 75% ethanol for 2 h, followed by rinsing with
PBS ve times. Then, scaffolds were placed in 24-well plates. 2�
107 human iPSCs seeded in presence of the three different
groups of scaffolds: PLGA, PLGA + 10% Aker and PLGA + 20%
Aker. Cell attachment and cell growth were assessed at day 5
aer cell seeding. The constructs were xed in 4% para-
formaldehyde (PFA). Aer thoroughly washing with PBS, the
cells adhered to the scaffold section and subsequently dehy-
drated in gradient concentrations of ethanol (50–100%) for
10 min each, and allowed to dry on a clean bench at room
temperature.34 The porous structure of scaffolds and the state of
cells were examined with a scanning electron microscope (SEM,
FEI, QUANTA 250, Netherlands) using an accelerating voltage of
10 kV.
2.3 In vitro evaluation of angiogenic and osteogenic
differentiation on scaffolds

2.3.1 Alizarin Red S staining. Alizarin Red S staining was
performed to analyze the newly formed nodules on the scaf-
folds. Briey, aer culture in differentiation medium (Beijing
Cellapy Biotechnology, China) for 21 days, the three scaffolds
were taken out from each group. Next, cells on the scaffolds
were washed twice with PBS and with 4% PFA for 20 min at
room temperature, followed by several washes with distilled
H2O. Thereaer, cells were stained with 2% (w/v) Alizarin Red
(Sigma) at room temperature for 5 min and subsequently
washed several times with distilled H2O.

2.3.2 Quantitative real-time polymerase chain reaction
(qRT-PCR). Aer seeding on scaffolds and culturing of cells in
differentiation medium for 2 weeks, qRT-PCR was performed to
evaluate the expression of angiogenic and osteogenic genes of
the human iPSCs on the 3D scaffolds as described previously.8

We used the E.Z.N.A Total RNA Kit I (Omega, Bio-tek) to isolate
total RNA from cells cultured in different groups according to
the manufacturer's instructions. The concentration was
measured using a nanodrop 1000 reader (Thermo Scientic).
The ReverTra Ace-a kit (Toyobo Co., Ltd, Japan) was used to
synthesize the cDNA following the manufacturer's recommen-
dations. Then we performed qRT-PCR reactions using SYBR-
Green Master Mix (Toyobo Co., Ltd). Primer sequences (Table
S1) (ESI†) for RUNX2, BMP2, ALP, COL1, OCN, VEGF, CD31
amplication were synthesized by Sangon Biotech Co., Ltd
RSC Adv., 2019, 9, 25462–25470 | 25463
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(Shanghai). Data were normalized to GAPDH mRNA expression
of each condition and were quantied relative to the corre-
sponding gene expressions from control samples, which were
standardized to 1.
2.4 In vivo implantation of cell/scaffold

2.4.1 In vivo subcutaneous transplantation. All surgical
procedures were performed in accordance with the NIH
guidelines for the care and use of laboratory animals (NIH
publication no. 86-23 rev. 1985) and was approved by IRB of
our Chinese PLA General Hospital. Aer culture in differ-
entiation medium for 2 weeks in vitro, cell-containing scaf-
folds were implanted into subcutaneous pockets in the
dorsal region of 6–8 week old nu/nu mice purchased from
the Chinese PLA General Hospital Animal Center. 4 pockets
were made on each mouse and respectively inserted with the
4 different implants (PLGA, PLGA + 10% Aker, PLGA + C,
PLGA + 10% Aker + C) (C represent the Human iPSCs). The
pockets on dorsal region of each mouse were made accord-
ing to previously described methods.35 Briey, mice were
rstly anesthetized until numbness. Next, a 2 � 2 cm area
on the back was shaved and the area wiped with gauze
soaked with 75% ethanol. Aer that, a small (about 1.5 cm)
longitudinal incision was made into the skin at the center of
the shaved area and the tips of dissecting scissors were used
to dissect subcutaneous facial tissue and create pockets
under the skin (between the skin and muscle layers). Finally,
different cell-containing scaffolds or scaffolds without cells
were implanted into the pockets and the incisions were
sutured. For preventing the mice from chewing on the
sutures, a tissue adhesive was used to cover the closed
wound. Animals were then put under a heat lamp for 1 h to
allow them recover postoperatively before being returned to
their cages. At 4 and 8 weeks, animals were killed and
implants were analyzed for blood vessel formation and
osteogenic differentiation.

2.4.2 Analysis of in vivo blood vessel formation and
osteogenesis. Implants were taken out at various time points
and prepared for histological and immunohistochemical
examination. The specimens were rst xed in 10% buffered
formalin in PBS for 4–6 h, embedded in paraffin and then cut
into 5 mm longitudinal sections. The sections were collected on
glass slides for histological analysis. Tissue sections were
stained with Gill's 3 hematoxylin (Sigma-Aldrich) and aqueous
eosin Y solution (Sigma-Aldrich) (H&E) to visualize the overall
tissue morphology. Detection of human bone sialoprotein (BSP)
was performed using an anti-human BSP antibody (Invitrogen)
as described previously.35 The stained slides were nally coun-
terstained with hematoxylin and dehydrated, mounted, and
covered with coverslips. The percentage of the brown area to the
total area of the BSP stained images were recorded as described
previously.15 Meanwhile, the expression of gene CD31 and BSP
in implants was analyzed by qRT-PCR as described above.

2.4.3 Restoration of critical-size bone defect. Aer the
scaffolds and cells were incubated in the differentiation medium
for 2 weeks, the cells/scaffolds were implanted into the bone
25464 | RSC Adv., 2019, 9, 25462–25470
defects, and the critical-size bone defects were made as
mentioned in a previous study.5 All surgical procedures were
performed in accordance with the NIH guidelines for the care
and use of laboratory animals (NIH publication no. 86-23 rev.
1985) and was approved by IRB of our Chinese PLA General
Hospital. Briey, the nu/nu mice were anesthetized, and a 4 mm-
diameter calvarial critical-sized defect was created on each side of
the calvarial bone using a dental bur attached to a slow-speed
hand piece with minimal invasion of the dura mater. The
critical-sized defects inmice were randomly divided into 5 groups
to receive the following implants: (1) control (without cells and
scaffolds) (n ¼ 7); (2) PLGA (n ¼ 7); (3) PLGA + Aker (n ¼ 7); (4)
PLGA + C (n ¼ 7); (5) PLGA + Aker + C (n ¼ 7). The mice were
sacriced 8 weeks post-surgery. The qRT-PCR experiment was
used to detect the expression of osteogenic genes including
RUNX2, BMP2, COL1 and OCN while immunostaining was per-
formed to detect the expression of BSP. The qRT-PCR and im-
munostaining experiments were performed as described above.

2.4.4 Micro-CT measurement of critical-size bone defect.
Aer cells/scaffolds implantation for 8 weeks in bone defect,
micro-CTmeasurement was performed to evaluate the healing of
calvarial defects. The specimens of 8 weeks aer the surgical
procedure were monitored using a Quantum FX microcomputed
tomography imaging system (micro-CT, Caliper, USA). Field of
view (FOV) scanning at 36 mm and a 4.5 mm voxel size resolution
were selected. The calculated bone mineral density (BMD) and
BV/TV in this area were presented as the percentage of defect
regeneration.36,37 The parameters of bone volume fraction (bone
volume/total volume, BV/TV) and bone mineral densities (BMD)
were used for comparison in this study.

2.5 Statistical analysis

All analyses were performed in triplicate samples for n ¼ 3 at
least. The qRT-PCR experiment was also performed on triplicate
samples (n ¼ 3) with triplicate readings. All the data were
expressed as mean � standard deviation (SD). Differences
between groups were analyzed by ANOVA (SPSS, v.17.5, USA).
Signicant difference was considered when p < 0.05.

3. Results
3.1 Growth of human iPSCs on 3D scaffolds

The 3D scaffolds and cellular attachment and interaction within
scaffolds were analyzed using the electron microscope aer cells
were grown in the scaffolds for 5 days. The results were depicted in
Fig. 1 and showed that all cell-containing scaffolds were obviously
porous. The pore size ranged from 20 to 300 mm (Fig. 1A). As
shown in Fig. 1B, the cells grew tightly to each other and abundant
extracellular matrix was deposited on the scaffolds. This indicated
that the cell-containing scaffold was suitable for the subsequent in
vivo studies given that it facilitated the initial attachment of cells
onto the surface, their spreading and subsequent growth.

3.2 Angiogenic and osteogenic differentiation in 3D scaffolds

Aer cells were seeded in scaffolds for 21 days, alizarin red S
was used to evaluate the degree of mineralization of the cell-
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Scanning electron microscopic evaluation of the scaffold
microstructure and the state of cells. (A) Scaffold without cells; (B) 5
days after the human iPSCs were seeded onto the scaffold, cells
(arrows) grew tightly to each other and some extracellular matrix
deposited on the scaffold.

Fig. 2 The vascularization and osteogenic differentiation of human
iPSCs in the 3D scaffolds. (A) Alizarin Red staining of human iPSCs
indicating the formation of calcium nodules after culturing in different
scaffolds for 21 days. (B) Quantitative real-time PCR was performed for
expressions of osteogenic genes, such as ALP, BMP2, COL1, OCN and
RUNX2 of human iPSCs in 3D scaffolds. (C) Quantitative real-time PCR
was performed for expressions of angiogenic genes, including VEGF
and CD31 of human iPSCs in 3D scaffolds. *p < 0.05, **p < 0.01,
compared with PLGA. #p < 0.05 compared with PLGA + 20% Aker.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 4
/1

1/
20

26
 1

2:
56

:1
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
containing scaffolds. As shown in Fig. 2A, the results of alizarin
red S staining revealed matrix mineralization of the scaffolds.
The PLGA + 10% Aker and PLGA + 20% Aker exhibited strongly
positive staining reecting the highly active matrix mineraliza-
tion compared to the PLGA. Moreover, the extent of minerali-
zation in the PLGA +10% Aker group was stronger than that of
the PLGA + 20% Aker group. This indicated the induction of
osteogenesis in the PLGA + 10% Aker group. In order to evaluate
the expression of osteogenic markers in cells attached to the
scaffolds, qRT-PCR was performed aer induction of the
differentiation for 2 weeks. The expression of osteogenic
markers such as BMP2, RUNX2, ALP, COL1 and OCN were
enhanced in the PLGA + 10% Aker group compared to the PLAG
and PLGA + 20% Aker groups (Fig. 2B).

In order to evaluate the angiogenic capability of the scaf-
folds, the expression of angiogenic genes including VEGF and
CD31 was also determined. Similarly to the osteogenic markers,
the expression of angiogenic genes were enhanced in PLGA +
10% Aker group compared to the PLAG and PLGA + 20% Aker
(Fig. 2C).

These results suggest that 10% Aker could stimulate both
angiogenic and osteogenic differentiation of human iPSCs in
3D scaffolds. Based on these in vitro results, we chose the PLGA
and PLGA + 10% Aker scaffolds for further in vivo animal
experiments.
3.3 Angiogenic and osteogenic differentiation in
subcutaneous pockets

As shown in Fig. 3A, the animals subcutaneously bearing the
PLGA + C (Fig. 3A-a) and PLGA + Aker + C (Fig. 3A-b) implants
aer 8 weeks implantation. The vascularization of the implants
PLGA + Aker + C at 4 weeks (Fig. 3A-c) and 8 weeks (Fig. 3A-d)
was obvious. The H&E staining (Fig. 3B) of the implants 4 and 8
weeks aer implantation was performed to evaluate the vascu-
larization degree. The result showed a greater number of new
formed blood vessels in the PLGA + Aker + C composite scaf-
folds compared to the other groups at both 4 and 8 weeks. Red
blood cells (red circles) were also clearly observed. Furthermore,
the expression of angiogenic gene CD31 was detected by qRT-
This journal is © The Royal Society of Chemistry 2019
PCR and the results showed similar trends both at 4 and 8
weeks. Specically, the expression of CD31 in the PLGA + Aker +
C was the highest among all the groups (Fig. 3C). These results
suggest that Aker in 3D scaffolds could stimulate the vascular-
ization of human iPSCs in vivo.

Meanwhile, BSP staining was performed at two time points,
4 and 8 weeks (Fig. 4A). The result showed that the number of
brown-stained granules were higher in the PLGA + Aker + C
group than the other groups. Less brown structures were
observed in the PLGA group. Moreover, QRT-PCRthe qRT-PCR
results showed that the expression of BSP was higher in the
PLGA + Aker + C group than the other groups at 4 and 8 weeks
(Fig. 4B). These results suggested that Aker in 3D scaffolds
could stimulate the osteogenic and angiogenic differentiation
of human iPSCs in vivo.

3.4 Bone healing of calvarial defects

Defects of 4 mm in diameter were made in both sides of the
cranial bone (Fig. 5A-a) and lled with cell-containing scaffolds
(Fig. 5A-b). Aer 8 weeks the mice were sacriced. Fig. 5A-c
RSC Adv., 2019, 9, 25462–25470 | 25465
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Fig. 3 The vascularization of human iPSCs in scaffolds in vivo. (A) (A-a)
PLGA + C; (A-b) PLGA + 10% Aker + C; PLGA + 10% Aker + C group at 4
(A-c) and 8 (A-d) weeks after human iPSCs in scaffolds were implanted
into subcutaneous pockets, implants were taken out for analysis. (B)
H&E staining, functional blood vessels were defined by structures that
had a clearly defined lumen containing red blood cells (red circles),
blood vessel of different implants at 4 and 8 weeks, bar ¼ 50 mm. (C)
Quantitative real-time PCR was performed for evaluating the expres-
sions of angiogenic genes CD31 of the new formation tissue in vivo at
4 and 8 weeks. *p < 0.05, **p < 0.01. NS: no significance.

Fig. 4 The osteogenic differentiation of human iPSCs in scaffolds in
vivo. (A) Implants were taken out from subcutaneous pockets at 4 and
8 weeks, the BSP immunostaining (brown structures) was performed
to indicate the osteogenic differentiation of human iPSCs in vivo, bar¼
100 mm. (B) Quantitative real-time PCR was performed for evaluating
the expression of the osteogenic gene BSP in the newly formed bone
tissue in vivo at 4 and 8 weeks. *p < 0.05, **p < 0.01. NS: no
significance.
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shows the result of the control group in which the defects were
not lled with scaffolds. The results of other groups were shown
in Fig. 5A-d–g. As shown in Fig. 5A-c–g, it is observed that all the
bone defects were healed. BSP staining (Fig. 5B) indicated that
the PLGA + Aker + C group displayed the brownest stained area
compared to the other groups. The least stained brown granules
were found in the PLGA group compared with the other groups.
The percentage of brown area (Fig. 5C) was the highest in the
PLGA + Aker + C group, which indicated the highest BSP
expression level. The expression level (percentage of brown
area) of BSP was lower in PLGA group than other groups. In the
meanwhile, there was no signicant difference between PLGA +
C and PLGA + Aker groups. Furthermore, the expression levels
of osteogenic genes BMP2, RUNX2, COL1 and OCN detected by
qRT-PCR were higher in PLGA + Aker + C group than the other
groups (Fig. 5D), which indicated the osteogenesis driven by
this implant.
25466 | RSC Adv., 2019, 9, 25462–25470
Micro-CT was used to detect the formation of new bone
around the defects border aer 8 weeks. The results are depic-
ted in Fig. 6A and indicated that the majority of the cranial
defects were lled with substantial newly formed bone tissue in
the defect site treated with the PLGA + Aker + C implants. But no
obvious evidence of new bone formation was observed in
control and PLGA group, and minor evidence of new bone
formation was visible in the periphery of the defect edges in
PLGA + Aker and PLGA + C groups. To quantify the new bone
formation within the calvarial defects, local bone mineral
density (BMD) and the ratio of bone volume to total volume (BV/
TV) were measured. As shown in Fig. 6B, BMD for PLGA + Aker +
C group was higher than the other groups, and BV/TV (Fig. 6C),
as an indicator of the relative amount of newly formed bone,
was signicantly greater for the PLGA + Aker + C group when
compared to all other groups. These results suggested that Aker
could stimulate the osteogenic differentiation of human iPSCs
and the formation of new bone within defects sites in vivo.
4. Discussion

It has been widely accepted that tissue engineering includes
three factors: seed cells, scaffolds and growth factor.38–41 The
potential of iPSCs seeded on 3D scaffolds for bone regeneration
in vivo has been conrmed in several animal studies.4–7

However, interactions between the cell and its environment
determine cell fate due to mechanical and biochemically
secreted factors.42 Biomaterials, as carriers of seeded cells in
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02026h


Fig. 5 Scaffolds combine Aker and human iPSCs promote the healing of skull defects. (A) Human iPSCs in scaffold complex in vivo for repairing
skull defects. (A-a) A non-healing full thickness defect of 4 mm diameter in the either side of the cranial bone was made; (A-b) the skull defect
was filled with an implant; (A-c–g) the skull defect was filled with nothing, PLGA, PLGA + C, PLGA + Aker and PLGA + Aker + C respectively after
implantation for 8 weeks; (B) BSP secreted by cells was detected by immunostaining (brown structures) at 8 weeks, greater BSP expression was
observed in the PLGA + Aker + C group than in the other groups. Bar¼ 50 mm; (C) the percentage of the brown area surface to the total surface of
images taken from groups. The group PLGA + Aker + C secretedmore BSP than the other groups. (D) Quantitative real-time PCR was performed
for expressions of osteogenic marker genes BMP2, RUNX2, COL1 and OCN in new formation tissue around the defects. *p < 0.05, **p < 0.01. NS:
no significance.
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bone tissue engineering, also play a vital role in regulating the
growth and differentiation of stem cells. Recent studies have
revealed that silicate bioceramics stimulate the osteogenic
differentiation of stem cells, including bone marrow mesen-
chymal stem cells15–17,21–23,43,44 and urine-derived stem cells.45

Furthermore, studies also showed that silicate bioceramic are
able to enhance angiogenesis of human umbilical vein endo-
thelial cells (HUVECs),15,44 which is as important as osteo-
genesis in bone tissue engineering.

Recent studies have reported that bioceramic Aker can stimu-
late the osteogenesis of BMSCs29,30,46,47 and adipose-derived stem
cells (ASCs)48,49 and the angiogenesis of hAECs.29,30 Moreover, our
previous study indicated that Si ions released from Aker induces
the osteogenic differentiation of human iPSCs in vitro.8 In the
present study, we demonstrated that the stimulatory effects of
PLGA + 10% Aker 3D scaffolds on angiogenic and osteogenic
differentiation of human iPSCs was much higher comparatively to
those of PLGA alone and PLGA + 20% Aker scaffolds. A previous
study demonstrated that pure PLGA, as biodegradable polymers,
lacks of bioactivity.50 This suggests that the PLGA cannot stimulate
cell differentiation. Furthermore, the release of acidic degradation
by-products from PLGA can lead to inammatory responses.51–53

Moreover, the Ca and Si ions released from composites can
neutralize the acidic degradation by-products of the PLGA.10–14

Thus, we speculated that the concentration of 20% Aker may be
too much in 3D scaffold, which might cause high pH and subse-
quently reduce its effectiveness on the differentiation of iPSCs.
This journal is © The Royal Society of Chemistry 2019
Furthermore, we also revealed that the composite scaffolds
PLGA + Aker + C induced the formation of blood vessels and
osteogenesis in subcutaneous pockets, and signicantly
repaired the defects comparatively to other groups. On the one
hand, Aker is a Si-, Ca- and Mg-containing bioactive ceramic.
Recent studies showed that Si-, Ca- and Mg-containing ionic
products from bioceramics could stimulate the osteogenic and
angiogenic differentiation of BMSCs and HAVECs.29 Other
studies have shown that Si- and Ca-containing ionic products
from calcium silicate (CaSiO3) bioceramics could also induce
the osteogenesis of BMSCs and angiogenesis of HUVECs.15,16

Moreover, studies also reported that Mg can enhance bone
growth and boost local blood perfusion compared to other
metallic or polymeric materials.54–57 Therefore, it is reasonable
to speculate that the Si and Mg ions released from composite
scaffold PLGA + Aker in 3D scaffold are among the main factors
improving their osteogenic and angiogenic differentiation
ability. On the other hand, the osteogenesis and angiogenesis
potential of iPSCs in 3D scaffolds and in vivo have been re-
ported.4–7,58–67 The above observations might be the reason why,
in this study, Aker induced both angiogenesis and osteogenesis
of iPSCs in 3D scaffolds and in vivo.

In bone tissue engineering, angiogenesis is the basic step in
the process of bone regeneration, which provides blood supply
and guide the subsequent progress of osteogenesis.68 Angio-
genesis occurs before osteogenesis in the healing of bone
defects, and aerwards, both angiogenesis and osteogenesis
RSC Adv., 2019, 9, 25462–25470 | 25467
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Fig. 6 Analysis of new bone formation in skull defects at 8 weeks
post-operation. (A) Microcomputer tomography (micro-CT) images of
skull defects were detected after implantation at 8 weeks. Scale bar¼ 1
mm. (B) Local bone mineral density (BMD) analysis by micro-CT of five
groups at 8 weeks post-operation. (C) Morphometric analysis (BV/TV)
of new bone formation. Quantitative micro-CT analysis revealed that
implantation of PLGA + Aker + C group achieved the highest local
BMD and the highest amount of new bone formation than other four
groups. **p < 0.01. NS: no significance. Scale bar ¼ 1 mm.
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participate in bone regeneration and promote the effect of each
other.69 Moreover, previous studies reported that the osteo-
genesis and angiogenesis of BMSCs and HUVECs are inducible
by porous b-CaSiO3/PDLGA composite scaffold via the activa-
tion of AMPK/ERK1/2 and PI3K/AKT pathways.16 Reports also
indicate that the mitogen-activated protein kinases (MAPKs)
including the extracellular signal-regulated kinase (ERK)70,71

and the AKT signaling pathway play important roles in the
osteogenic differentiation of progenitor cells as well as the
expression of angiogenic factors.72–74 More importantly, a recent
study showed that the osteogenesis and angiogenesis effect of
Aker bioceramics on OVX-BMSCs might be related to P38, ERK,
AKT and STAT3 signaling pathways and must be driven by
a crosstalk regulation among these signaling pathways.75

Therefore, we speculate that the stimulation angiogenesis and
osteogenesis of iPSCs by Aker might also be related to P38, ERK,
AKT and STAT3 signaling pathways. Thus, further experiments
are required in the future to conrm our speculation and
explore the exact mechanism by which the engineered
composite drive the repair of bone defects.

5. Conclusions

In the present work, we demonstrated that PLGA/Aker 3D
composite scaffolds could stimulate the osteogenic and
25468 | RSC Adv., 2019, 9, 25462–25470
angiogenic differentiation of human iPSCs. In vivo, PLGA/+10%
Aker scaffolds induced the vascularization and osteogenic
differentiation of human iPSCs in subcutaneous tissue and
effectively promoted bone regeneration in critical-sized calva-
rial defects. Our work suggests that PLGA/+10% Aker 3D
composite scaffolds are promising candidates for bone tissue
engineering.
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