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Induced pluripotent stem cells (iPSCs) have great potential due to their proliferation and differentiation 
capability. The objectives of this study were to generate iPSC-derived mesenchymal stem cells (iPSC-MSCs), 
and investigate iPSC-MSC proliferation and osteogenic differentiation on calcium phosphate cement (CPC) 
containing biofunctional agents for the first time. Human iPSCs were derived from marrow CD34+ cells 
which were reprogrammed by a single episomal vector. iPSCs were cultured to form embryoid bodies (EBs), 
and MSCs migrated out of EBs. Five biofunctional agents were incorporated into CPC: RGD (Arg-Gly-Asp) 
peptides, fibronectin (Fn), fibronectin-like engineered polymer protein (FEPP), extracellular matrix Geltrex, 
and platelet concentrate. iPSC-MSCs were seeded on five biofunctionalized CPCs: CPC-RGD, CPC-Fn, CPC- 
FEPP, CPC-Geltrex, and CPC-Platelets. iPSC-MSCs on biofunctional CPCs had enhanced proliferation, actin 
fiber expression, osteogenic differentiation and mineralization, compared to control. Cell proliferation was 
greatly increased on biofunctional CPCs. iPSC-MSCs underwent osteogenic differentiation with increased 
alkaline phosphatase, Runx2 and collagen-I expressions. Mineral synthesis by iPSC-MSCs on CPC-Platelets 
was 3-fold that of CPC control. In conclusion, iPSCs showed high potential for bone engineering. iPSC- 
MSCs on biofunctionalized CPCs had cell proliferation and bone mineralization that were much better than 
traditional CPC. iPSC-MSC-CPC constructs are promising to promote bone regeneration in craniofacial/ 
orthopedic repairs. 
Keywords: induced pluripotent stem cells; RGD; fibronectin; platelet concentrate; biofunctionalized calcium 
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Introduction 
 

Bone repair and regeneration are frequently needed in 
cases of trauma, tumor resections, infections and con- 
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genital malformations. More than six million bone 
fractures occur annually in the United States (1). Further- 
more, the need for bone repair is increasing rapidly as 
baby boomers enter into retirement with an aging 
population (2-3). The development of novel tissue engi- 
neering methods is promising to provide viable therapies 
(4-7). The use of stem cells and scaffolds offer great 
potential for tissue regeneration (4-5, 8-9). While mesen- 
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chymal stem cells (MSCs) are frequently investigated, 
their harvest requires an invasive procedure, and their 
potency decreases due to aging and diseases. There- 
fore, other types of stem cells are needed. Recently, 
human induced pluripotent stem cells (iPSCs) were 
successfully generated and represented a major break- 
through in stem cell research (10-13). iPSCs have re- 
ceived intense interest in biomedical applications and 
regenerative medicine (10-13). Researchers have obtain- 
ed iPSCs via transfecting mouse cells with the repro- 
gramming transcription factors Oct3/4, Sox2, c-Myc, 
and Klf4 (10), or human somatic cells with factors Oct4, 
Sox2, Nanog, and Lin28 (11). In many aspects, iPSCs 
appeared to be similar to natural pluripotent stem cells 
such as embryonic stem cells (ESCs). Their similar features 
include the expression of certain stem cell genes and 
proteins, doubling time, chromatin methylation patterns, 
embryoid body formation, teratoma formation, viable 
chimera formation, potency, and differentiability (10, 12).   
Similar to ESCs, iPSCs also possess nearly unlimited 
potential for proliferation, and can differentiate into not 
only all derivatives of the three primary germ layers 
(ectoderm, endoderm, and mesoderm), but also many 
mature cells in vitro (13). iPSCs can be relatively easily 
obtained, and they can be autogeneic which avoids 
immunological rejections. Therefore, iPSCs provide an 
invaluable resource for regenerative medicine (13). Efforts 
were made to employ iPSCs to regenerate cardiac myo- 
cytes (14), renal lineage cells (15), pancreatic insulin- 
producing cells (16), motor neurons (17), and other 
distinct tissues. However, there have been only a few 
studies on the use of iPSCs for bone regeneration appli- 
cations (18-19). 

Hydroxyapatite (HA) and other CaP bioceramics are 
important for bone repair due to their similarity to bone 
minerals and ability to bond to bone to form a func- 
tional interface (20-24). Calcium phosphate cements 
can be injected and set in situ to achieve intimate 
adaptation to complex-shaped defects (25-30). The first 
calcium phosphate cement consisted of tetracalcium 
phosphate and dicalcium phosphate anhydrous (re- 
ferred to as CPC) (26, 31). Other calcium phosphate 
cements were also developed with various compositions 
(25, 27-30). Recently, biofunctional agents were incor- 
porated into CPC to enhance cell attachment (32). Bio- 
functional agents such as fibronectin (Fn) and Arg-Gly- 
Asp (RGD) have been shown to improve cell adhesion 
(33-37). RGD is an integrin-recognition site that promotes 
cell attachment (35-37). Fn is a general cell adhesion 
molecule that can anchor cells to collagen and proteo- 
glycan (33-34). In addition, genetically-engineered pro- 
teins, such as fibronectin-like engineered protein poly- 

mer (FEPP), can also enhance cell adhesion (38-39). 
FEPP includes 13 copies of the cell attachment epitope 
of Fn between repeated structural peptides. It has a 
stable three-dimensional conformation resistant to ther- 
mal and chemical denaturation. Furthermore, extra- 
cellular matrices (ECMs) can also enhance stem cell 
function (40-41). In this regard, Geltrex is a basement 
membrane ECM, which is a soluble form of reduced 
growth factor basement extract and consists of laminin, 
collagen IV, entactin, and heparin sulfate proteoglycan. 
In addition, platelet concentrate, which is a fraction of 
the plasma in which platelets are concentrated, can 
also improve cell functions (42-43). Platelet concentrate 
is obtained by withdrawing blood from the vein of the 
patient. It contains many bioactive molecules and was 
used in bioceramics to improve cell proliferation (42-43). 
A recent study investigated bone morphogenic protein 
2 (BMP2) gene modification of iPSC-MSCs seeded on a 
CPC scaffold (44). It was shown that the iPSC-MSCs on 
CPC successfully underwent osteogenic differentiation, 
and the overexpression of BMP2 in iPSC-MSCs enhanced 
differentiation and bone mineral production (44). That 
previous study focused on BMP2 gene modification and 
used one CPC-based scaffold without varying the sca- 
ffold composition. The present study investigated the 
effects of the aforementioned five different types of 
biofunctional agents in CPC on iPSC-MSC seeding and 
osteogenic differentiation. 

Accordingly, the objectives of this study were to 
generate MSCs from human iPSCs, and investigate the 
osteogenic differentiation of iPSC-MSCs seeded on bio- 
functionalized CPCs containing RGD, Fn, FEPP, Geltrex, 
and platelet concentrate for the first time. The following 
hypotheses were tested: (1) The attachment and pro- 
liferation of iPSC-MSCs on CPC can be significantly 
enhanced via the incorporation of biofunctional agents 
in CPC; (2) The osteogenic differentiation and mineral 
synthesis of iPSC-MSCs will be improved via biofunction- 
alized CPC scaffolds, compared to control CPC.  
 
Materials and Methods 
 
Human iPSC culture and the derivation of MSCs 
Human iPSCs were obtained from the Johns Hopkins 
University and were generated as described recently 
(45-46). Briefly, iPSC BC1 line was derived from adult 
bone marrow CD34+ cells. Human primary mononuclear 
cells (MNCs) from a healthy adult marrow donor (code: 
BM2426) were isolated with a standard gradient proto- 
col by Ficoll-Paque Plus (P=1.077). CD34+ cells were 
purified with magnetic-activated cell sorting (MACS) 
system and cultured for 4 days (d) with hematopoietic 
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cytokines before being reprogrammed by a single epi- 
somal vector pEB-C5 (45-46). Undifferentiated iPSCs were 
cultured as colonies on a feeder layer of mitotically- 
inactivated murine embryonic fibroblasts (MEF), which 
was formed by seeding 200 000 MEF cells per well on 
Nunclon Δ Surface six-well culture plates (Nunc, Roches- 
ter, NY). Mitotic inactivation was achieved through 
exposure MEF to 10 μg·mL-1 Mitomycin C (Sigma, St. Louis, 
MO) for 2 h. The iPSC culture medium consisted of 80% 
(v/v) Dulbecco’s modified Eagle medium (DMEM)/F12 
(Invitrogen, Carlsbad, CA), 20% Knockout Serum Repla- 
cement (a serum-free formulation; Invitrogen) mixed 
with 50% MEF conditioning medium, 1% MEM non-essen- 
tial amino acids solution (Invitrogen), 10 ng·mL-1 basic 
fibroblast growth factor (b-FGF, Invitrogen), 1 mmol·L-1  
L-glutamine (Sigma) and 0.1 mmol·L-1 β-Mercaptoethanol 
(Sigma). Cells were cultured at 37 ℃ with 5% CO2 and 
100% humidity, and the medium was changed daily. 

The iPSCs were induced to form embryoid bodies (EBs) 
(46). Briefly, iPSC colonies were dissociated into clumps 
through treatment with 1 mg·mL-1 collagenase type IV in 
DMEM/F12 at 37 ℃ for 6 min, followed by mechanical 
scraping. The dissociated iPSC clumps were collected 
and resuspended in differentiation medium (iPSC me- 
dium without b-FGF), and transferred to 25 cm2 ultra-low 
attachment flasks (Corning, Corning, NY). The medium 
was changed every 2 d. After 10 d, the EBs were trans- 
ferred into 0.1% gelatin-coated plates and cultured for 
10 d. At 2 d of culture, most of the EBs adhered and 
many cells migrated out from the edges of the EBs. Upon 
70% confluence, the outgrowth of the cells was selective- 
ly isolated by using cell scrapers. Cells were subcultured 
in the MSC growth medium, which consisted of DMEM 
(Gibco) supplemented with 10% FBS (HyClone, Logan, 
UT), 2 mmol·L-1 L-glutamine (Gibco), 100 U·mL-1 penicillin, 
and 100 mg·mL-1 streptomycin (Gibco). The differen- 
tiated cells which outgrew from the EBs derived from 
these culture conditions were termed iPSC-derived 
MSCs (iPSC-MSCs). 
 
Immunophenotyping of iPSC-MSCs via flow cytometry 
To confirm the derivation of MSCs, the expression of 
surface antigen profile of iPSC-MSCs was characterized 
via flow cytometry (47-49). iPSC-MSCs (passage 4) were 
harvested by trypsin-ethylenediaminetetraacetic acid 
(EDTA) and washed with cold phosphate buffered saline 
(PBS) containing 1% bovine serum albumin (BSA), then 
resuspended to approximately 1×106 cells in 50 µL of 
cold PBS containing 1% BSA. Cell samples were separate- 
ly labeled on ice with optimal dilution of fluorescein iso- 
thiocyanate (FITC)-conjugated monoclonal antibodies 
(mAbs, all from Invitrogen, except when indicated) 

against CD29, CD31, CD34 (BD, San Jose, CA), CD44, 
CD73 (BD), TRA-1-81 (BD), HLA-ABC, phycoerythrin 
(PE)-conjugated mAbs against Oct3/4 (BD) and CD166 
(BD), and Alexa Fluor 488 conjugated mAb against 
CD105 in the dark. After 30 min incubation, cells were 
washed with cold PBS containing 1% BSA. Nonspecific 
fluorescence was determined by incubating cells with 
isotype-matched conjugated mAbs. At least 10 000 
events were collected from each run of flow cytometry. 
Data were analyzed using CellQuest software (Becton 
Dickinson, San Jose, CA). The fluorescence histogram for 
each mAb was displayed alongside the control anti- 
body. The percentages of positive cells were subtracted 
from the isotype control antibody of each conjugate 
(47-49). 
 
Development of biofunctionalized CPCs 
CPC powder consisted of a mixture of tetracalcium 
phosphate [TTCP, Ca4(PO4)2O] and dicalcium phos- 
phate anhydrous (DCPA, CaHPO4). TTCP was synthesized 
using DCPA and calcium carbonate (J.T. Baker, Philip- 
sburg, NJ). TTCP was ground to obtain particles of 1 to 
80 µm, with a median of 17 µm (50). DCPA was ground to 
obtain a median particle size of 1 µm. TTCP and DCPA 
powders were mixed at 1:1 molar ratio to form the CPC 
powder. Chitosan was used to render CPC fast-setting 
and improve mechanical properties (50). Chitosan 
lactate (Vanson, Redmond, WA) was mixed with water 
at a chitosan/(chitosan + water) mass fraction of 15% to 
form the cement liquid (51). A resorbable suture fiber 
(Vicryl, polyglactin 910, Ethicon, NJ) was cut to filaments 
of a length of 3 mm and mixed with CPC paste at a fiber 
volume fraction of 20% to reinforce CPC (52). A CPC 
powder to liquid mass ratio of 2:1 was used to form a 
flowable paste. The CPC paste was filled into a disk mold 
with a diameter of 12 mm and a thickness of 1.5 mm. The 
disks were incubated in the mold at 37 ℃ for 1 d in a 
humidor, and then demolded and used for subsequent 
experiments. This CPC is referred to as “CPC control”. 

In addition, five biofunctionalized CPCs were prepared 
by incorporating RGD, Fn, FEPP, Geltrex, and platelet 
concentrate. Each biofunctional agent was mixed with 
the chitosan liquid, which was then mixed with the CPC 
powder. The concentration of RGD (Sigma, St. Louis, MO) 
was 50 µg of RGD per 1 g of CPC paste, yielding 0.005% 
by mass, following a previous study (36). For Fn (human 
plasma Fn, Invitrogen, Carlsbad, CA) and FEPP (Sigma), 
the same 0.005% concentration was used in CPC. 
Geltrex (Invitrogen) was added to CPC at 100 µL Geltrex 
per 1 g of CPC paste (0.1% by mass). This percentage 
was selected because preliminary study showed that it 
did not compromise the CPC setting time and mechani- 
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cal property, while greatly improving cell function (32). 
Similarly, human platelet concentrate (1.2x106 platelets 
per µL, Biological Specialty, Colmar, PA) was added to 
CPC at 100 µL of platelet concentrate per 1 g of CPC 
paste (0.1% by mass) (32). The five biofunctionalized 
CPCs are termed CPC-RGD, CPC-Fn, CPC-FEPP, CPC- 
Geltrex, and CPC-Platelets, respectively. 
 
iPSC-MSC adhesion and proliferation on biofunctiona- 
lized CPCs 
Each CPC disk was placed in a well of a 24-well plate, 
and iPSC-MSCs at passage 4 were seeded at a seeding 
density of 50 000 cells in 2 mL of medium per well. An 
osteogenic medium was used for cell culture, which 
consisted of the MSC growth medium supplemented 
with 100 nmol·L-1 dexamethasone, 10 mmol·L-1 β-glycero- 
phosphate, 0.05 mmol·L-1 ascorbic acid, and 10 nmol·L-1 
1α,25-Dihydroxyvitamin (Sigma) (47, 53). After 1, 4, and 
8 d, the constructs were washed in Tyrode's Hepes buffer, 
live/dean stained and viewed by epifluorescence micro- 
scopy (TE2000S, Nikon, Melville, NY) (52). Three randomly- 
chosen fields of view were photographed for each disk. 
Five disks yielded 15 photos for each CPC at each time 
point. The live cell density was measured as the number 
of live cells on the specimen divided by the specimen 
surface area.   
 
Actin cytoskeleton formation in iPSC-MSCs 
Actin fibers in the iPSC-MSC cytoskeleton were examin- 
ed to understand its interaction with CPC and to deter- 
mine if the addition of biofunctional agents in CPC would 
enhance cell attachment and increase the amount of 
actin stress fibers. iPSC-MSCs were seeded on CPC disks 
as described above. After 1 d culture, the disks were 
washed with PBS, fixed with 4% parformaldehyde for 
20 min, permeabilized with 0.1% Triton X-100 for 5 min, 
and blocked with 0.1% bovine serum albumin (BSA) for 
30 min (48). An actin cytoskeleton and focal adhesion 
staining kit (Chemicon, Temecula, CA) was used, which 
stained actin fibers into a red color. After incubating the 
construct with diluted (1:400) TRITC-conjugated phalloi- 
din, cell nuclei were labeled with 4'-6-diamidino-2- 
phenylindole (DAPI) into a blue color. The actin fluore- 
scence was increased when the actins stress fiber den- 
sity was increased. Fluorescence microscopy (Nikon) was 
used to examine the specimens. The fluorescence of 
actin fibers in the cells was measured via a NIS-Elements 
BR software (Nikon) as in previous studies (48). 
 
Osteogenic differentiation of iPSC-MSCs seeded on 
biofunctional CPCs 
Quantitative real-time reverse transcription polymerase 

chain reaction measurement (qRT-PCR, 7900HT, Applied 
Biosystems, Foster City, CA) was performed. A seeding 
density of 150 000 cells per well was used following pre- 
vious studies (52, 54). The constructs were cultured in 
osteogenic media for 1, 4, and 8 d (54-55). The total 
cellular RNA on the scaffolds was extracted with TRIzol 
reagent (Invitrogen). RNA (50 ng·µL-1) was reverse- 
transcribed into cDNA. TaqMan gene expression kits 
were used to measure the transcript levels of the pro- 
posed genes on human alkaline phosphatase (ALP, 
Hs00758162_m1), Runx2 (Hs00231692_m1), collagen type 
I (Coll I, Hs00164004), and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH, Hs99999905). Relative expre- 
ssion for each target gene was evaluated using the 
2-ΔΔCt method (55). The Ct values of target genes were 
normalized by the Ct of the TaqMan human house- 
keeping gene GAPDH to obtain the ΔCt values. These 
values were subtracted by the Ct value of iPSC-MSCs 
cultured on tissue culture polystyrene in control medium 
for 1 d (the calibrator) to obtain the ΔΔCt values (52, 
54-55). 
 
Mineral synthesis by iPSC-MSCs seeded on biofunctional 
CPCs 
Osteogenesis of iPSC-MSCs was determined by bone 
matrix formation via Alizarin Red S (ARS) staining (Milli- 
pore, Billerica, MA) (48, 54). ARS stained calcium-rich 
deposits by cells into a red color. At 4, 14 and 21 d of 
culture, the iPSC-MSC-CPC constructs were stained with 
ARS. After staining, the cell-scaffold constructs were 
washed with deionized water for several times with 
gentle shaking for 5 min for each wash, until no dye 
extraction in the used water was observed. An osteo- 
genesis assay (Millipore, Billerica, MA) was used to extract 
the stained minerals and measure the ARS concentra- 
tion at OD405, following the manufacturer’s instructions 
(48, 54). Control scaffolds with the same CPC composi- 
tions and treatment including immersion in the same 
culture medium for the same period of time, but without 
cell seeding, were also measured. The control’s ARS 
concentration was subtracted from the ARS concentra- 
tion of the scaffold with iPSC-MSCs, to yield the net 
mineral concentration synthesized by the cells. The time 
points of 14 d and 21 d were selected because previous 
studies found a large increase in calcium content from 
12 d to 21 d (48, 54). 

One-way and two-way ANOVA were performed to 
detect significant (α=0.05) effects of the variables. 
Tukey’s multiple comparison procedures were used to 
group and rank the measured values, and Dunn’s 
multiple comparison tests were used on data with non- 
normal distribution or unequal variance, both at a family 



                                  WahWah TheinHan et al. 
  

www.boneresearch.org | Bone Research 

375 

confidence coefficient of 0.95. 
 
Results 
 
Figure 1 plots the flow cytometry results of the iPSC-MSCs. 

MSC surface markers CD29, CD44, CD166 and CD73 
were expressed to levels greater than 90% in these 
iPSC-MSCs. Another MSC surface marker, CD105, was 
expressed to greater than 75%. On the other hand, the 
expressions of hematopoietic markers, CD31 and CD34, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Immunophenotyping of human iPSC-MSCs. Flow cytometry showed that the iPSC-MSCs expressed a number of cell surface markers 
characteristic of MSCs, and were negative for pluripotent, typical hematopoietic and endothelial cell markers. iPSC-MSCs with labeling (cells stained 
with surface markers) were shown as red curves. Control iPSC-MSCs with no labeling were shown as blue curves. 
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were less than 0.6% in the iPSC-MSCs, while hESC pluri- 
potency markers, TRA-1-81 and Oct3/4, were less than 
0.2%. Furthermore, human leukocyte antigen (HLA) HLA- 
ABC, present on the surface of all nucleated cells and 
platelets, were also expressed. These results showed that 
the typical MSC surface markers were consistently and 
highly expressed in the iPSC-MSCs. 

Figure 2 plots the live cell density of iPSC-MSCs on CPCs 
measured from the live/dead staining images (mean± 
SD; n=5). The cell density was increased by nearly an 
order of magnitude from 1 to 8 d on CPC-Fn and CPC- 
Platelets. At each time point, the live cell density on 
biofunctional CPCs was higher than that on CPC control 
(P<0.05). 

Figure 3 shows the results on fluorescence of actin 
fibers in iPSC-MSCs seeded on CPCs. The actin fibers in 
the cell cytoskeleton were stained into a red color. The 
cell nuclei appeared blue. Compared to CPC control in 
(A), the red fluorescence was increased in CPCs with 
biofunctional agents (B-F), indicating a greater number 
of actin stress fibers. The area of red fluorescence was 
measured for each image and divided by the image 
area to yield the area fraction of actin fiber fluorescence 
in (G) (mean±SD; n=5). The biofunctional CPCs had 
increased area fractions of actin fiber fluorescence, 
compared to CPC control (P<0.05). 

Osteogenic gene expressions of iPSC-MSCs seeded on 
CPCs are plotted in Figure 4 for: (A) ALP, (B) Runx2, and 
(C) collagen I (mean±SD; n=5). The iPSC-MSCs cultured 

on tissue culture polystyrene in control medium for 1 d 
served as the calibrator with a value of 1. The ALP expre- 
ssions in (A) were higher than 1, indicating osteogenic 
differentiation. CPC-Platelets had the highest ALP at 8 d 
(P<0.05), which was 7-fold that of the calibrator, and 
2-fold that of CPC control. In (B), Runx2 had a similar 
trend as ALP of peaking at 8 d. In (C) for collagen I, there 
was also a general trend of the gene expression peak- 
ing at 8 d. The peak value for CPC-Platelets was higher 
than the other groups (P<0.05). 

The mineralization results of iPSC-MSCs on CPCs are 
shown in Figure 5. Staining images are shown for CPC 
control, CPC-Fn and CPC-Platelets at 4 d (A), and 21 d 
(B), as examples. ARS stained a red color for minerals at 
4 d. At 21 d, a thick matrix mineralization was synthesized 
by the cells, and the red staining became much thicker 
over time. Examination of all the disks indicated that a 
layer of mineral matrix synthesized by the cells covered 
the entire disk, and the mineralization increased with the 
addition of biofunctional agents in CPC. The results of 
osteogenesis assay are plotted in (C) (mean±SD; n=5).  
CPC disks without cells had baseline values of 0.5- 
0.7 mmol·L-1. The values in (C) had their baseline values 
subtracted to represent the net mineral synthesized by 
the cells. At 21 d, mineral synthesis by iPSC-MSCs seeded 
on CPC-RGD, CPC-Fn and CPC-Platelets were signifi- 
cantly higher than other groups (P<0.05). The mineral 
synthesis by iPSC-MSCs on CPC-Platelets was nearly 
3-fold that on CPC control. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Live cell density of human iPSC-MSCs cultured on the biofunctionalized CPCs. Each value is mean±SD; n=5. Values with dissimilar letters 
are significantly different from each other (P<0.05). 



                                  WahWah TheinHan et al. 
  

www.boneresearch.org | Bone Research 

377 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Fluorescence of actin fibers in iPSC-MSCs on biofunctionalized CPCs. In (A-F), the actin stress fibers in the iPSC-MSCs were stained red.  
The cell nuclei (blue fluorescence) indicated the location and distribution of the iPSC-MSCs on the scaffolds. The red color was brighter and denser 
with the addition of biofunctional agents in CPC. (G) Actin fiber fluorescence area fraction (mean±SD; n=5). Values with dissimilar letters are 
significantly different from each other (P<0.05). 
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Figure 4 RT-PCR results of osteogenic differentiation of iPSC-MSCs on biofunctionalized CPCs. (A) ALP, (B) Runx2, (C) collagen I gene expressions 
(mean±SD; n=5). In each plot, values with dissimilar letters are significantly different from each other (P<0.05). 



                                  WahWah TheinHan et al. 
  

www.boneresearch.org | Bone Research 

379 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Mineral synthesis by iPSC-MSCs on biofunctionalized CPCs. ARS stained minerals into a red color. (A) ARS staining of iPSC-MSC-scaffold 
constructs after 4 d on CPC control, CPC-Fn, and CPC-Platelets, as examples. (B) ARS staining of iPSC-MSC-scaffold constructs after 21 d. (C) Mineral 
concentration synthesized by the iPSC-MSCs was measured by an osteogenesis assay (mean±SD; n=5). Dissimilar letters indicate values that are 
significantly different from each other (P<0.05). 



iPSC-MSC seeding on biofunctional CPC scaffolds 
 

Bone Research | Vol 1 No 4 | November 2013 

380 
 
Discussion 
 
This study investigated iPSC-MSC seeding on CPCs con- 
taining five different bioactive agents for bone tissue 
engineering for the first time. MSCs were migrated out of 
EBs from human iPSCs. The iPSC-MSCs on CPC scaffolds 
successfully differentiated into the osteogenic lineage, 
and the biofunctionalized CPCs significantly enhanced 
iPSC-MSC attachment and mineralization. iPSCs offer a 
promising approach to obtaining pluripotent stem cells 
by reprogramming somatic cells, without the contro- 
versy of embryonic materials (10). A major advantage of 
iPSCs is that patient-specific or disease-specific cells of 
any lineage can be generated for therapeutic use. 
Recent studies indicated that iPSCs can be generated 
without using viral vectors; this could move the iPSC 
technology to be closer to clinical applications (56-57). 
Regarding tissue engineering and regenerative medi- 
cine, iPSCs hold great potential because of their ability 
to provide unlimited amounts of stem cells with easier 
cell resources, as well as their lack of immunologic 
rejection and ethical controversy. Indeed, iPSCs were 
shown to be able to differentiate into the osteogenic 
lineage (58-59). Currently there have been only a few 
reports on the use of iPSCs for bone tissue engineering 
(18-19). Furthermore, bone engineering requires suitable 
scaffolds, and CPC biofunctionalized via the five agents 
showed great potential for enhancing cell function (32). 
Therefore, the iPSC-MSC-CPC constructs with five bio- 
functional agents of the present study are promising for 
bone tissue engineering. 

iPSCs were induced into EBs which were further cul- 
tured to generate MSCs. These MSCs can then be proli- 
ferated and differentiated into specific lineages such as 
bone, cartilage or fat, which can potentially provide 
large numbers of progenitor cells to regenerate skeletal 
defects. In the present study, the iPSC-MSCs exhibited a 
uniform fibroblast-like morphology and expressed high 
levels of hMSC surface markers, consistent with surface 
markers in previous studies on MSCs (60-61). The iPSC- 
MSCs lacked the expression of hematopoietic lineage 
markers (60), hESC pluripotency markers TRA-1-81 and 
Oct3/4 (62-63), and the marker of professional antigen- 
presenting cells, HLA-DR (64). Furthermore, the results 
showed that the iPSC-MSCs appeared to be suitable for 
bone tissue engineering, consistent with recent studies 
indicating that iPSCs had the potential to differentiate 
down the osteogenic lineage (19).  

Previous studies guided osteogenic differentiation by 
culturing iPSC-MSCs in osteogenic media seeded on silk 
scaffolds (18-19). The use of CPC as a scaffold for iPSC- 
MSC seeding in the present study has several advan- 

tages. First, CPC has good mechanical strength for mo- 
derate load-bearing bone repair applications. Previous 
studies showed that the strength and elastic modulus of 
CPC scaffolds matched those of natural cancellous 
bone (52). Second, CPC can be injected to fill complex- 
shaped bone defects with intimate adaptation to 
neighboring bone, and can be molded or contoured in 
situ to the desired shapes to achieve esthetics for dental, 
craniofacial and orthopedic repairs (22, 31, 52). Third, 
CPC can be gradually resorbed and replaced by new 
bone (30-31). Forth, bioactive agents can be readily 
mixed into the CPC paste to enhance cell function (8, 
32). Bioactive agents can provide a favorable extrace- 
llular matrix environment to enhance cellular functions 
and promote tissue regeneration. For example, Fn and 
RGD were coated on the surfaces of calcium phos- 
phate bioceramics in previous studies (35-37). Our 
previous study examined BMP2 gene modification of 
iPSC-MSCs seeded on a single type of CPC scaffold (44). 
The present study tested the effects of five different 
types of biofunctionalized CPC scaffolds on iPSC-MSC 
seeding and bone tissue engineering. The live cell den- 
sity of iPSC-MSCs was greatly increased on CPC-RGD, 
CPC-Fn, CPC-FEPP, CPC-Geltrex, and CPC-Platelets, 
compared to CPC control. The actin stress fiber density 
was also increased via biofunctional agents in CPC, 
which is important because the actin stress fibers anchor 
to the cell membrane at focal adhesions which are 
connected to the extracellular matrix or the scaffold (48, 
65-66). Furthermore, osteogenic differentiation and bone 
matrix mineralization were also increased via biofunc- 
tional agents in CPC. Among these biofunctional agents, 
RGD is the principle integrin-binding domain present in 
ECM proteins and is able to bind multiple integrin 
species, and hence is the most widely studied adhesive 
peptide in the development of biomimetic scaffolds (37).  
RGD has less risk of immune reaction or pathogen 
transfer comparing with the use of native ECM proteins.  
This study showed that RGD in CPC enhanced iPSC-MSC 
proliferation and mineralization, consistent with a pre- 
vious study showing that RGD-grafted biphasic calcium 
phosphate ceramics induced more new bone than that 
without RGD in a rabbit model (67).  

Fn is also a cell adhesion molecule and is an important 
ECM protein. Previous studies showed that Fn could 
regulate cellular functions and direct cell adhesion, 
proliferation, and differentiation via direct interactions 
with cell surface integrin receptors (33). Fn is synthesized 
by the adherent cells which assemble into a fibrillar net- 
work through integrin-dependent and fibronectin-integrin 
interactions. Indeed, incorporating Fn into CPC en- 
hanced iPSC-MSC attachment and mineralization. In 
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addition, FEPP is genetically-engineered and has a 
three-dimensional structure (38-39). For example, FEPP- 
coated polyurethane graft was shown to enhance cell 
adhesion (39). Geltrex is another three-dimensional 
membrane and a human-derived ECM that can 
support stem cell culture (40-41). The incorporation of 
FEPP and Geltrex improved cell attachment and bone 
mineralization via iPSC-MSCs on CPC. However, the 
enhancement of cell attachment (Figure 2) and 
mineralization (Fig. 5C) via FEPP and Geltrex was not as 
robust as those via Fn and platelets.  

Several studies have investigated the use of autologous 
platelets to facilitate healing (68-69). Platelets have 
many bioactive proteins responsible for attracting 
macrophages, MSCs and osteoblasts, which promote 
the removal of necrotic tissue and enhance tissue 
regeneration and healing. Platelet concentrate is 
advantageous because it contains a mixture of growth 
factors which play key roles in wound healing and tissue 
regeneration (42-43). Previous studies indicated that 
platelet-rich plasma could be an effective additive in 
periodontal and oral surgical procedures including 
bone grafts, implants and maxillofacial reconstructions 
by facilitating the healing rate (68). For example, 3-6 mL 
of platelet-rich plasma can be collected from the initial 
30-60 mL of blood withdrawal from the vein, hence self- 
production of platelet-rich plasma can be achieved 
(68-69). The present study showed that CPC-Platelets 
had the highest iPSC-MSC attachment and proliferation, 
as well as the highest mineralization. Among the six CPCs 
tested, CPC-Platelets, CPC-RGD and CPC-Fn had the 
highest mineralization amount. They were followed by 
CPC-FEPP and CPC-Geltrex, while iPSC-MSCs on CPC 
control had the lowest mineralization. These results 
suggest that incorporation autologous platelets from the 
plasma of the patient into the CPC paste could be a 
promising approach to enhance iPSC-MSC attachment 
and bone regeneration. The present study showed that 
MSCs could be generated from iPSCs with excellent cell 
proliferation and differentiation on CPC, and the iPSC- 
MSC functions could be greatly enhanced with bio- 
functional agents in CPC. Further study should investi- 
gate iPSC-MSC-CPC constructs containing biofunctional 
agents for bone regeneration in animal models. 

The present study derived MSCs from human iPSCs 
and investigated iPSC-MSC proliferation and osteogenic 
differentiation on CPC containing five different biofunc- 
tional agents for the first time. MSCs were generated by 
culturing iPSC colonies and EBs. The new biofunctiona- 
lized CPCs, including CPC-RGD, CPC-Fn, CPC-FEPP, 
CPC-Geltrex and CPC-Platelets, enhanced iPSC-MSC 
attachment, proliferation and bone mineral synthesis. 

Among them, CPC-Platelets, CPC-RGD and CPC-Fn had 
the best cell attachment and the highest mineralization, 
followed by CPC-FEPP and CPC-Geltrex, which were all 
higher than CPC control. These results show that human 
iPSCs are promising for bone engineering applications, 
and the iPSC-MSC-CPC constructs have potential to 
enhance bone regeneration. The iPSC-MSC-seeded bio- 
functionalized CPCs with greatly-enhanced cell prolifera- 
tion and mineralization are promising to enhance bone 
regeneration efficacy in craniofacial and orthopedic 
repairs. 
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