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Calcium phosphate cement (CPC) has in situ-setting ability and excellent osteoconductivity. Human embryonic
stem cells (hESCs) are exciting for regenerative medicine due to their strong proliferative ability and multilineage
differentiation capability. However, there has been no report on hESC seeding with CPC. The objectives of this
study were to obtain hESC-derived mesenchymal stem cells (hESCd-MSCs), and to investigate hESCd-MSC
proliferation and osteogenic differentiation on novel CPC with chitosan immobilized with RGD (CPC-chitosan-
RGD). RGD was covalently bonded with chitosan, which was then incorporated into CPC. The CPC-chitosan-
RGD scaffold had higher strength and toughness than CPC-chitosan control without RGD ( p < 0.05). hESCs were
cultured to form embryoid bodies (EBs), and the MSCs were then migrated out of the EBs. Flow cytometry
indicated that the hESCd-MSCs expressed typical surface antigen profile of MSCs. hESCd-MSCs had good
viability when seeded on CPC scaffolds. The percentage of live cells and the cell density were significantly
higher on CPC-chitosan-RGD than CPC-chitosan control. Scanning electron microscope examination showed
hESCd-MSCs with a healthy spreading morphology adherent to CPC. hESCd-MSCs expressed high levels of
osteogenic markers, including alkaline phosphatase, osteocalcin, collagen I, and Runx2. The mineral synthesis by
the hESCd-MSCs on the CPC-chitosan-RGD scaffold was twice that for CPC-chitosan control. In conclusion,
hESCs were successfully seeded on CPC scaffolds for bone tissue engineering. The hESCd-MSCs had good
viability and osteogenic differentiation on the novel CPC-chitosan-RGD scaffold. RGD incorporation improved
the strength and toughness of CPC, and greatly enhanced the hESCd-MSC attachment, proliferation, and bone
mineral synthesis. Therefore, the hESCd-MSC-seeded CPC-chitosan-RGD construct is promising to improve
bone regeneration in orthopedic and craniofacial applications.

Introduction

Bone defects often arise from infections, trauma, tu-
mor resections, abnormal development, and congenital

malformations, which require more than 500,000 bone grafts
annually in the United States.1 Regenerative medicine offers
an exciting approach for bone repair and regeneration, which
involves the synergistic combination of stem cells with suit-
able scaffolds.2–4 Stem cells have the ability to differentiate
into one or more tissue types. Studies have shown exciting
results on stem cell delivery via scaffolds for tissue regen-
eration.5–7 Currently, human embryonic stem cells (hESCs)
and adult stem cells are the two major cell sources in re-
generative medicine.8–16

Adult stem cells have been isolated from a wide variety of
tissues. Many tissues contain putative adult stem cell pop-
ulations with osteogenic potential, including bone marrow,
periosteum, synovium, trabecular bone, fat, muscle, lung,
and deciduous teeth. Of particular interest are human bone
marrow mesenchymal stem cells (hBMSCs) or osteopro-
genitor cells, which are considered to be the principal source
of cells for bone engineering. hBMSCs possess several ad-
vantages, such as availability from an autologous source,
relatively high proliferative capacity, and multilineage dif-
ferentiation potential. However, the use of hBMSCs has
limitations. First, the self-renewal and proliferative ability of
hBMSCs decreases due to aging 17–19 and diseases, such as
osteoporosis and arthritis.20,21 Second, the heterogeneity of
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adult stem cells from bone marrow indicates that only a very
small proportion of cells can be considered stem cells and can
differentiate into the osteogenic lineage.22 In this regard,
hESCs hold great promise. hESCs are relatively homoge-
nous, possess a high self-renewal activity, have no limits in
proliferation, and can be differentiated into any cell type
except those needed to develop the placenta. Recently, sev-
eral studies investigated the use of hESCs for bone tissue
engineering, and demonstrated that hESCs could undergo
osteogenic differentiate in vitro and in vivo.13,23–25

Besides cells, scaffolds are another important component
for tissue engineering.26 Bioceramics, such as calcium phos-
phates are important for bone repair, because they can bond
to bone to form a functional interface due to their composi-
tions mimicking bone minerals to enhance cell attachment.27–30

They are also a good system to delivery drug or growth
factor for bone tissue engineering.31,32 However, for a pre-
fabricated bioceramic to fit into a bone cavity, the surgeon
needs to machine the graft or carve the surgical site, leading
to increases in bone loss, trauma, and surgical time.3 On the
other hand, injectable scaffolds can be used in minimally
invasive procedures and fit intimately into bone defects.3,33,34

Calcium phosphate cements (CPCs) are injectable and have
good bioactivity and osteoconductivity. The first CPC com-
prised of tetracalcium phosphate [TTCP: Ca4(PO4)2O] and
dicalcium phosphate anhydrous (DCPA: CaHPO4), and was
termed CPC.35 The CPC powder can be mixed with an
aqueous liquid to form a paste that can be injected or
sculpted during surgery to conform to the defect in hard
tissues.36,37 CPC was approved in 1996 by the Food and
Drug Administration for repairing craniofacial defects, thus
becoming the first CPC for clinical use.38 Traditional CPC
was brittle and weak; however, the mechanical properties of
CPC were improved by incorporating chitosan.39,40 The
CPC-chitosan scaffold supported the adhesion and prolifer-
ation of osteoblast cells and hMSCs.39,40 However, to date,
there has been no report on hESC-derived MSC seeding
on CPC.

The objectives of this study were to investigate hESC-
derived MSC seeding on the CPC-chitosan scaffold im-
mobilized with RGD, and to examine the effect of RGD in
CPC on the proliferation and osteogenic differentiation of
hESC-derived MSCs for the first time. Cell attachment on
biomaterials is an important regulator of many cellular
functions, such as proliferation and differentiation. However,
previous studies showed that human stem cell attachment to
CPC was relatively poor.40,41 Therefore, there is a need to
improve the cell attachment to CPC. Two hypotheses were
tested: (1) hESC-derived MSCs can successfully undergo
osteogenic differentiation on the CPC-chitosan scaffold; (2)
RGD incorporation will greatly enhance hESC-derived MSC
attachment, osteogenic differentiation, and synthesis of bone
minerals on the CPC-chitosan scaffold.

Materials and Methods

Fabrication of CPC and CPC-RGD specimens

The CPC powder consisted of an equimolar mixture of
DCPA and TTCP. Chitosan has been shown to strengthen
CPC,39 resist the washout of CPC paste in a physiological
solution, and cause fast-setting to CPC.42 Hence, the CPC
liquid consisted of chitosan mixed with distilled water at a

chitosan/(chitosan + water) mass fraction of 15%.42 The pre-
vious studies did not report RGD incorporation into
CPC.39,42 In the present study, two types of chitosan were
used: chitosan malate (Halosource, Redmond, WA) and
RGD-modified chitosan malate.

The protocol for immobilizing RGD in chitosan was sim-
ilar to that reported in a previous study.43 RGD-immobilized
chitosan was synthesized by coupling G4RGDSP (Thermo
Fisher, Waltham, MA) with chitosan. The amide bond was
formed between carboxyl groups in peptide and residual
amine groups in chitosan using 1-ethyl-3-[3-dimethylami-
nopropyl] carbodiimide hydrochloride (EDC) and sulfo-
N-hydroxysuccinimide (Sulfo-NHS; Thermo Fisher) as
coupling agents. After dissolving the G4RGDSP peptide
(12.4 mg, 16.32 · 10 - 6 mol) in a 0.1 M 2-(N-Morpholino)
ethanesulfonic acid (MES) buffer (4 mL; Thermo Fisher),
EDC (3.76 mg, 19.6 · 10 - 6 mol) and Sulfo-NHS (0.28 mg,
2.44 · 10 - 6 mol) were added to the peptide solution (molar
ratio of G4RGDSP:EDC:NHS = 1:1.2:0.6). The solution was
incubated at room temperature for 30 min to activate the
terminal carboxyl group of serine. Then, this solution was
added to the chitosan solution dissolved in the 0.1 M MES
buffer (100 mL, 1 wt%). The coupling reaction was per-
formed for 24 h at room temperature. The product was
dialyzed against distilled water using a Dialysis Cassettes
(MWCO = 3.5 kDa) (Thermo Fisher) for 3 days to remove
uncoupled peptides by changing water three times daily.
This process yielded RGD-modified chitosan, which was
freeze-dried.

The CPC powder was mixed with chitosan liquid at a
powder to liquid mass ratio of 2 to 1 to form a flowable
paste. The paste was placed in 3- · 4- · 25-mm molds to
fabricate bars for mechanical testing, and disk molds of
12 mm in diameter and 2 mm in thickness to make CPC disks
for cell study. Two groups were tested: CPC using the chit-
osan without RGD is referred to as CPC-chitosan control,
and CPC using RGD-modified chitosan is referred as CPC-
chitosan-RGD.

CPC setting time and mechanical
property measurement

To measure the setting time of CPC-chitosan control and
CPC-chitosan-RGD, each paste was mixed and placed into a
mold of 3 · 4 · 25 mm. The assembly was kept in a humidor
at 37�C. Following a previous study, the specimen was
scrubbed gently with fingers.42 This was done at 1-min in-
tervals until the powder component did not come off from
the specimen. This indicates that the setting reaction had
occurred sufficiently to hold the specimen together.42 The
time from the CPC powder–liquid mixing to this point was
measured as the setting time.

The specimen was incubated in a humidor at 100% hu-
midity and 37�C for 4 h, then demolded, and immersed in
distilled water for 20 h at 37�C.42 Mechanical properties were
tested in three-point flexure with 20-mm span at a crosshead
speed of 1 mm/min on a computer-controlled Universal
Testing Machine (MTS, Eden Prairie, MN).39 Flexural
strength was calculated as: S = 3FmaxL/(2bh2), where Fmax is
the maximum load on the load–displacement (F-d) curve, L
is span, b is specimen width, and h is specimen thickness.
Elastic modulus was calculated as: E = (F/d)(L3/[4bh3]),
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where F/d is the slope in the linear-elastic region. Work-of-
fracture (toughness) was calculated as the area under the F-d
curve divided by the specimen’s cross-sectional area.42

Culture and propagation of hESCs

hESCs were obtained from Wicell (Madison, WI) and
were of the H9 line listed on the National Institute of Health
(NIH) registry. The use of hESCs was approved by the
University of Maryland. hESCs were cultured according to
the recommended protocol of Wicell.44 Undifferentiated
hESCs were cultured as colonies (example from this study
shown in Fig. 2A) on a feeder layer of mitotically inactivated
mouse embryonic fibroblasts (MEF), which was formed
by seeding 200,000 MEF cells/well on Nunclon D Surface six-
well culture plates (Nunc, Rochester, NY). Mitotic inactiva-
tion was achieved through exposure to 10 mg/mL Mitomycin
C (Sigma, St. Louis, MO) for 2 h. The hESCs culture medium
consisted of 80% (v/v) Dulbecco’s modified Eagle’s medium
(DMEM)/F12 (Invitrogen, Carlsbad, CA), 20% Knockout
Serum Replacement (a serum-free formulation; Invitrogen),
1 mM glutamine (Sigma), 0.1 mM 2-Mercaptoethanol (Sig-
ma), 1% MEM nonessential amino acids solution (Invitro-
gen), and 4 ng/mL basic fibroblast growth factor (b-FGF;
Invitrogen). Cells were cultured at 37�C with 5% CO2 and
100% humidity, and the medium was changed daily. Co-
lonies demonstrating differentiated morphologies were
individually selected and mechanically removed with fire-
thrown Pasteur pipettes to ensure the undifferentiated ex-
pansion of hESCs. Routine serial passage of hESCs was
achieved through mild enzymatic dissociation of hESCs
colonies with 1 mg/mL collagenase type IV (Gibco, Gai-
thersburg, MD) for 5 min, followed by seeding on a fresh
inactivated MEF layer.

MSC derivation from hESCs

To simulate spontaneous differentiation, the hESCs were
induced to form embryoid bodies (EBs).23 Briefly, hESC
colonies were dissociated into clumps through treatment
with 1 mg/mL collagenase type IV for an extended duration
of 10 min, followed by mechanical scraping. The dissociated
hESC clumps were then transferred to 25-cm2 ultra-low at-
tachment cell culture flasks (Corning, Corning, NY) in a EB
formation medium, which consisted of the DMEM (Gibco)
supplemented with 20% fetal bovine serum defined
(Gibco), 1 mM glutamine (Sigma), 0.1 mM 2-Mercaptoetha-
nol (Sigma), and 1% MEM nonessential amino acids solution
(Gibco). Initially, the hESC clumps were largely composed of
densely packed hESCs, creating simple EBs. After 4–5 days
of suspension culture in the presence of an ultra-low at-
tachment surface, the center of the bodies became cavitated,
and the bodies began to accumulate fluid and turn into free
floating EBs (Fig. 2B). The culture medium was changed
every 2 days. After 10 days, the EBs were transferred into
Nunclon D Surface six-well culture plates and cultured for 10
additional days. After 2 days, most of the EBs adhered and
many cells migrated out from the edges of the EBs. Upon
70% confluence, the outgrowth of cells were selectively iso-
lated by using cell scrapers and subcultured at an initial cell
density of 2 · 104 cells/cm2 in the MSC growth medium,
which consisted of the DMEM (Gibco) supplemented with
10% FBS (HyClone, Logan, UT), 2 mM L-glutamine (Gibco),

100 U/mL penicillin, and 100 mg/mL streptomycin (Gibco).
Differentiated cells derived from these culture conditions
were termed hESC-derived MSCs, or hESC-derived mesen-
chymal stem cells (hESCd-MSCs, Fig. 2C) and used in this
study.

Flow cytometry of hESCd-MSCs

Expression of the cell surface antigen profile of hESCd-
MSCs was characterized using flow cytometry.23 hESCd-
MSCs (passage 4) were harvested by trypsin-EDTA and
washed with cold phosphate-buffered saline (PBS) contain-
ing 1% bovine serum albumin (BSA), then resuspended to
approximately 1 · 106 cells in 50 mL of cold PBS containing
1% BSA. Cell samples were separately labeled on ice with
optimal dilution of fluorescein isothiocyanate-conjugated
monoclonal antibodies (mAbs; all from Invitrogen, except
when indicated) against CD29, CD31, CD34 (BD, San Jose,
CA), CD44, CD45, CD73 (BD), TRA-1-81 (BD), HLA-ABC,
HLA-DR, phycoerythrin-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. Nonspeci-
fic 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 antibody. Percentages of
positive cells were subtracted from the isotype control anti-
body of each conjugate.

Viability of hESCd-MSCs on CPC scaffolds

A cell suspension of 150,000 hESCd-MSCs at passage 4 in
2 mL of an osteogenic medium was added to each well of a
24-well plate containing a CPC disk. The osteogenic medium
consisted of the MSC growth medium supplemented with
50mM ascorbic acid-2-phosphate, 10 mM b-glycerophosphate,
100 nM dexamethasone, and 10 nM 1a,25-Dihydroxyvitamin
(Sigma). The medium was changed daily. After 1, 4, 7, or 14
days, the medium was removed and the CPC disks were
washed two times with 2 mL of PBS. The cells were live/
dead stained and viewed by epifluorescence microscopy
(TE2000-S; Nikon, Melville, NY). Staining was done for
30 min with 2 mL of PBS containing 2 mM calcein-AM and
2mM ethidium homodimer-1 (Molecular Probes, Eugene,
OR). Two parameters were measured following a previous
study.40 The first was the percentage of live cells, PL, which
was calculated as: PL = NL/(NL + ND), where NL = number of
live cells, and ND = number of dead cells, in the same image.
Three randomly chosen fields of view were photographed
for each specimen. Five specimens of each material (n = 5)
yielded 15 photos for each time point. The second parameter
was live cell density: DL = NL/A, where A is the area of the
view field in which NL was measured.

Quantitative real-time reverse transcription–
polymerase chain reaction measurement of osteogenic
differentiation of hESCd-MSCs on CPC

Osteogenic differentiation of hESCd-MSCs attaching to
CPC was measured via quantitative real-time reverse
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transcription–polymerase chain reaction (qRT-PCR; 7900HT,
Applied Biosystems, Foster City, CA). At 1, 4, 7, and 14 days,
the total cellular RNA on the scaffolds was extracted with the
TRIzol reagent and the PureLink RNA Mini Kit (Invitrogen),
and then reverse transcribed into cDNA using a High-
Capacity cDNA Archive Kit in a Thermal Cycler (GenAmp
PCR 2720; Applied Biosystems). TaqMan gene expression
assay kits, including two predesigned specific primers and
probes, were used to measure the transcript levels of the
proposed genes on human alkaline phosphatase (ALP,
Hs00758162_m1), osteocalcin (OC, Hs00609452_g1), collagen
type I (Coll I, Hs00164004), Runx2 (Hs00231692_ml), and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH,
Hs99999905). Relative expression level for each target gene
was evaluated using the 2 -DDCt method.45 The Ct values of
target genes were normalized by the Ct values of the human
housekeeping gene, GAPDH, to obtain the DCt values. The
Ct value of hESCd-MSCs cultured on tissue culture poly-
styrene in the MSC growth medium for 1 day served as the
calibrator.

Mineral synthesis by hESCd-MSCs

Mineral synthesis by hESCd-MSCs was investigated at 7,
14, and 21 days. These time periods were selected because
previous studies showed that a great increase in the calcium
content was observed during in vitro cell cultures between 12
to 21 days.46 CPC disks with hESCd-MSCs cultured in the
osteogenic medium were fixed with 10% formaldehyde and
stained with Alizarin Red S (ARS; Millipore, Billerica, MA),
which stained calcium-rich deposits by cells into a red color.
An osteogenesis assay (Millipore) was used to extract
the stained minerals and measure the ARS concentration,
following the manufacturer’s instructions. Control scaffolds
with the same compositions, but without cells, were mea-
sured at the same time periods; they were subjected to the
same culture medium and incubation conditions as the cell-
seeded disks. The control’s ARS concentration was sub-
tracted from that of the corresponding scaffold with cells to
yield the net mineral concentration synthesized by the cells.

Scanning electron microscopy and statistical analysis

A scanning electron microscope (SEM; JEOL 5300, Pea-
body, MA) was used to examine the hESCd-MSC attachment
on CPC. Specimens with cells cultured for 4 days were rinsed
with PBS, fixed with 1% glutaraldehyde, subjected to graded
alcohol dehydrations, rinsed with hexamethyldisilazane,
sputter-coated with gold, and examined in SEM. In addition,
the cross sections of fractured CPC specimens from me-
chanical testing were also sputter-coated with gold and
examined in SEM.

One- and two-way analyses of variance were performed to
detect significant effects of the variables. Tukey’s multiple
comparison tests were used to compare the data at p of 0.05.

Results

Figure 1 plots the physical properties of CPC: (A) Setting
time, (B) flexural strength, (C) elastic modulus, and (D)
work-of-fracture (mean – standard deviation [sd]; n = 5).
Adding RGD did not change the setting time ( p > 0.1).
Strength was (12.1 – 1.4) MPa for CPC-chitosan-RGD, higher

than the (9.9 – 0.8) MPa for CPC-chitosan control ( p <
0.05). Elastic moduli of the materials were similar ( p > 0.05).
Work-of-fracture (toughness) was (103 – 7) J/m2 for CPC-
chitosan-RGD, higher than (82 – 6) J/m2 for control ( p < 0.05).
Representative SEM images of the fractured surfaces of CPC-

chitosan control are shown in (E) and (F), at a low and high
magnification, respectively. As shown in (E), CPC had in-
trinsic porosity (indicated by P) due to the powder–liquid
formulation. The formation of nano- and microcrystals is
visible in (F), with arrows indicating small crystalline pre-
cipitates. CPC-chitosan-RGD had similar features as shown
in (G) and (H), with P indicating porosity, and the arrows
indicating fine crystalline precipitates in CPC.

By culturing on MEF feeder in the presence of b-FGF,
hESCs were capable of long-term self-renewal, while re-
taining their pluripotency. The morphology of hESC colonies
was shown in Figure 2A. When removed from the MEF
feeder and placed in suspension culture, the dissociated
hESC clumps formed EBs, which exhibited round shapes
(Fig. 2B). EBs differentiated into cells with different
morphologies in primary culture. The homogeneity of cell
morphology increased with higher passage numbers. In
early passages, small groups of cells with a fibroblast-like
morphology were observed and became more uniform in
size and shape at passages 4 and beyond (Fig. 2C). These
hESC-derived cells had a similar morphology to fibroblast
and mesenchymal-like cells.

Flow cytometry analysis demonstrated that MSC surface
markers were consistently and highly expressed in the
hESCd-MSCs (Fig. 3). The MSC surface markers CD29,
CD44, CD73, and CD166 were expressed to levels greater
than 99.4% in hESCd-MSCs. On the other hand, the expres-
sion of hematopoietic markers, CD31, CD34, and CD45 were
less than 1.5% in hESCd-MSCs, while the hESC pluripotency
markers, TRA-1-81 and Oct3/4, were absent. Furthermore,
human leukocyte antigen (HLA) HLA-ABC, present on the
surface of all nucleated cells and platelets, was expressed.
HLA-DR, usually present only on professional antigen-
presenting cells, was absent.

Live/dead results of hESCd-MSCs seeded on CPC-
chitosan control and CPC-chitosan-RGD are shown in Figure
4. Live cells (stained green) appeared to have adhered and
attained a normal, polygonal morphology and were nu-
merous on both materials. Dead cells were stained red and
were relatively few (not shown). Visual examination
revealed that the density of live cells adherent to CPC-
chitosan-RGD was noticeably more than that on CPC-
chitosan control. Over time, live cells increased in numbers
due to cell proliferation. The percentage of live cells and
live cell density are plotted in (E) and (F) (mean – sd; n = 5).
Percentage of live cells on CPC-chitosan-RGD was higher
compared with control ( p < 0.05). Cell density on CPC-
chitosan-RGD was also higher compared with control
( p < 0.05). Due to cell proliferation, increasing the culture
time from 1 to 14 days greatly increased the cell density
( p < 0.05). Cell density at 14 days was 6.4-fold of that at 1 day
for both CPC-chitosan-RGD and CPC-chitosan control.

Figure 5 shows typical SEM micrographs of hESCd-MSCs
on: (A) CPC-chitosan control, (B, C) CPC-chitosan-RGD at 4
days. In (A), cells (designated as C) had healthy polygonal
shapes and were anchored to CPC. Compared to CPC-

chitosan control, there were noticeably more cells on CPC-
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chitosan-RGD (example in B). The cells had developed long
cytoplasmic extensions E, which are visible in both (A) and
(B). A higher magnification of the cell with extension at-
taching to the scaffold is shown for CPC-chitosan-RGD in
(C). These extensions are regions of the cell plasma mem-
brane that contain a meshwork or bundles of actin contain-
ing microfilaments, which permit the movement of the
migrating cells along a substratum.47 The healthy spreading
morphology and cytoplasmic extensions are indicative of
good viability and attachment of hESCd-MSCs to CPC.

ALP, OC, collagen I, and Runx2 gene expressions mea-
sured by RT-PCR are plotted in Figure 6. hESCd-MSCs on
CPC-chitosan control and CPC-chitosan-RGD showed osteo-
genic differentiation, with ALP peaking at 7 days. OC, Coll I,
and Runx2 peaked at 14 days. CPC-RGD had higher ALP
and Runx2 peaks than those for CPC-chitosan control, but
the values were not significantly different ( p > 0.1). hESCd-

MSCs on CPC-chitosan-RGD had significantly higher OC
and Coll I peaks than those on CPC-chitosan control
( p < 0.05).

Typical mineral staining photos of the hESCd-MSCs on
CPC-chitosan control and CPC-chitosan-RGD are shown in
Figure 7. The cells synthesized little mineral (dark red
staining) at 7 days. Mineral synthesis increased from 7 to 21
days for both scaffolds. The mineral staining was noticeably
thicker and denser for CPC-chitosan-RGD than for CPC-
chitosan control, in all five disks per material per time point.
At 21 days, a layer of matrix mineralization synthesized
by the cells was observed to cover the entire surface of
CPC-chitosan-RGD disks. Data from the osteogenesis assay
are plotted in (G). At 14 or 21 days, hESCd-MSCs made
about twice as much mineral on CPC-chitosan-RGD com-
pared with CPC-chitosan control. These results demon-
strate that hESCd-MSCs seeded on CPC were successfully

FIG. 1. Effect of RGD
immobilization in calcium
phosphate cement (CPC) on
physical properties: (A)
Setting time, (B) flexural
strength, (C) elastic modulus,
(D) work-of-fracture
(toughness), (E, F) scanning
electron micrographs of
fracture surfaces of CPC-
chitosan-RGD scaffold at a
low and high magnification,
respectively. Each value is
mean – standard deviation
(sd); n = 5. In each plot, bars
with dissimilar letters are
significantly different
( p < 0.05). RGD
immobilization in CPC
significantly increased the
strength and toughness of
CPC. The microstructures of
CPC on fractured cross
sections are shown in
scanning electron microscope
(SEM) images in (E, F) for
CPC-chitosan control, and
(G, H) for CPC-chitosan-
RGD, at low and high
magnifications, respectively.
‘‘P’’ indicates the intrinsic
pores in CPC resulting from
the powder–liquid mixing
of the cement. Arrows
indicate the fine crystallites
that make up the CPC matrix.
Color images available online
at www.liebertpub.com/tea
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differentiated into the osteogenic lineage, and hESCd-MSCs
mineralization was greatly enhanced by incorporating RGD
into CPC.

Discussion

hESCs are highly promising for tissue engineering due to
their ability to provide unlimited stem cells with potent
differentiation potential. However, only a few studies have
investigated hESCs for bone tissue engineering.13,23–25 There
has been no report on hESC-derived MSC seeding on CPC.
In a recent study, hESC-derived MSCs were encapsulated in
alginate hydrogel microbeads and the microbeads were then
incorporated into CPC; there was no direct cell attachment to
the CPC surface.48 In the present study, hESCd-MSCs were
seeded on CPC-chitosan and CPC-chitosan-RGD surfaces for
osteogenic differentiation and bone mineral synthesis for the
first time. Deriving MSCs from hESCs before specific dif-
ferentiation has the advantage of producing a source of
multipotent progenitor cells, which then can be expanded
and differentiated into specific lineages, such as bone, carti-
lage, or fat.49,50 This strategy can potentially yield a great
amount of progenitor cells to regenerate skeletal defects.
Therefore, the present study differentiated hESCs into
hMSCs before osteogenic differentiation. After an expansion
period of four passages, hESCd-MSCs exhibited a uniform
fibroblast-like morphology and expressed high levels of
hMSCs surface markers consistent with previous studies
on MSCs.23,51,52 The hESCd-MSCs lacked expression of
hematopoietic lineage markers,51,52 hESC pluripotency
markers TRA-1-81 and Oct3/4,53,54 and marker of profes-
sional antigen-presenting cells (HLA-DR).52,55 These findings
confirmed that the hESCd-MSCs and hMSCs are highly
comparable.

Recent studies showed that hESCs could be guided to
differentiate down the osteogenic lineage with a high po-
tential for bone regeneration.13 Osteogenic differentiation of
hESCs were achieved by introducing hESCs or hESCd-MSCs
in the osteogenic medium56,57 or cocultured with other
cells.58,59 Several types of scaffolds, such as collagen,23 hy-
drogels,25 polymer and composite,13,24 were seeded with
hESC-derived cells. However, few studies investigated the
hESC seeding on biomaterials with high strength for load-
bearing bone tissue engineering.60 In the present study,
hESCs were differentiated into hMSCs and seeded on a
mechanically strong CPC with RGD immobilization. CPC is
a promising carrier for injectable delivery of stem cells in
moderate load-bearing areas for bone regeneration. One of
the advantages of CPC is its injectability for minimally
invasive surgeries. CPC can be injected or molded to the
desired shape, set to form a scaffold in situ, and then be
resorbed and replaced by new bone.61 However, the brittle-
ness of CPC limited its application. Chitosan and its deriv-
atives are natural biopolymers found in arthropod
exoskeletons. They are biocompatible, biodegradable, and
osteoconductive. The incorporation of chitosan into CPC
strengthened the CPC.39,40 In the present study, the
G4RGDSP sequence was incorporated into chitosan by for-
mation of imide bonds between amino groups on the chit-
osan and carboxyl groups on the peptide. EDC and Sulfo-
NHS were involved in this reaction, forming intermediate
reactants that led to the formation of imide bonds.62,63 RGD-

FIG. 2. Phase-contrast photos of human embryonic stem cells
(hESC) culture. (A) hESC colony cultured on mouse embryonic
fibroblast (MEF) feeder layer (example shown at 4 days). (B)
Embryoid bodies (EBs) formed after 4 days of suspension culture.
(C) MSCs that migrated out of the EBs were harvested and pas-
saged. The example in (C) shows hESC-derived MSCs after pas-
sage 4. MSCs, mesenchymal stem cells. Color images available
online at www.liebertpub.com/tea
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modified chitosan increased the strength and toughness of
CPC by approximately 25%. RGD was covalently bonded
with chitosan in the present study. It was noticed that the
RGD-chitosan liquid was significantly more viscous com-
pared with the chitosan control liquid without RGD, likely
because the RGD covalent bonding increased the complexity
of the chitosan molecules. It is possible that the more viscous
and stickier RGD-functionalized chitosan served as a better
gelling agent to bind the CPC components together, yielding
a stronger scaffold with higher strength and toughness. A
previous study found that pastes with a higher viscosity,
once set or polymerized, possessed higher mechanical
properties.64 Another study found that the cement viscosity
affected the bonded interface,65 which suggests that the more
viscous and stickier RGD-functionalized chitosan likely had
better bonding with the ceramic particles in CPC. While these

factors likely contributed to a higher strength and toughness
(Fig. 1), there was no significant increase in elastic modulus.
Ceramics are typically much stiffer than polymers. The CPC
phase in the CPC-chitosan composite scaffold likely dominated
the elastic modulus (or stiffness) of the scaffold. In both the
CPC-chitosan composite and the CPC-chitosan-RGD compos-
ite, chitosan and chitosan-RGD are soft phases, while the CPC
phase is the same in both types of scaffolds. This likely con-
tributed to both scaffolds having similar elastic moduli. Fur-
ther studies are needed to understand the chitosan-RGD
contribution to the mechanical properties of the CPC scaffold.
Mechanical properties of scaffolds are useful in orthopedic,
dental, and craniofacial applications. The good mechanical
properties of CPC-RGD could enable its use in mandibular and
maxillary regenerations, periodontal bone repair, as well as
other moderate load-bearing orthopedic applications.

FIG. 3. Flow cytometry
analysis of surface markers of
hESC-derived MSCs (passage
4 MSCs). The names of the
antigens are listed inside each
plot. The black histogram
represents isotype controls
and the red histogram
represents the conjugated
antibody of each antigen. The
number in each plot
represents the percentage of
positive cells. hESC-derived
mesenchymal stem cells
(hESCd-MSCs) expressed
typical surface antigen profile
of MSCs. For example, MSC
surface markers CD29, CD44,
CD73, and CD166 were
expressed to levels greater
than 99.4%, while expressions
of hematopoietic markers
(CD31, CD34, and CD45)
were less than 1.5%. Color
images available online at
www.liebertpub.com/tea
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Previous studies showed that human stem cell attachment
to CPC was relatively poor.40,41 The tripeptide RGD se-
quence can promote the attachment of cells because it is
recognized by the adhesion receptors on the cell membrane.
Thus, the affinity between cells and biomaterials could be
improved by the immobilization of RGD, which can mimic

the natural extracellular matrix. As the most effective and
most frequently used peptide sequence to stimulate cell
adhesion, RGD has been applied to many biomaterials, such
as glass, polymers, and ceramics, to improve cell adhesion.

FIG. 4. Viability of hESCd-MSCs cultured on CPC-chitosan
control and CPC-chitosan-RGD. (A–D) Representative pho-
tos of hESCd-MSCs. Live cells were stained green and were
numerous on both scaffolds. Dead cells (stained red, not
shown here) were relatively few. (E) The percentage of live
cells. (F) Live cell density (number of live cells per mm2),
which increased with time due to cell proliferation. Each
value is mean – sd; n = 5. Incorporation of RGD into CPC
significantly improved the hESCd-MSCs attachment. Color
images available online at www.liebertpub.com/tea

FIG. 5. SEM micrographs of hESCd-MSCs attachment on: (A)
CPC-chitosan control, and (B, C) CPC-chitosan-RGD at 4 days.
Cells are designated as C. The cells had developed a healthy
spreading and polygonal morphology. There were noticeably
more cells attaching to CPC-chitosan-RGD than to CPC-chit-
osan control. The cells had developed long cytoplasmic exten-
sions E, which is shown in (C) at a higher magnification. Color
images available online at www.liebertpub.com/tea
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Injectable CPC is a promising matrix for the development of
scaffolds with RGD features. However, a literature search
revealed no report on RGD incorporation into CPC. In the
present study, under the same culture conditions, CPC-
chitosan-RGD had 246 cells/mm2 at 1 day, compared to 153
cells/mm2 at 1 day for CPC-chitosan control. This showed
that the initial attachment of hESCd-MSCs was increased by
1.6 times via immobilization of RGD in the chitosan in CPC.
This was consistent with SEM examinations, which showed
that there were substantially more hESCd-MSCs adhering to
CPC-chitosan-RGD than to CPC-chitosan control. At 14
days, CPC-chitosan-RGD had 1622 cells/mm2, compared
to 994 cells/mm2 on CPC-chitosan control. Hence, CPC-
chitosan-RGD had a cell density that was 1.6 times that on
CPC control at 14 days, the same ratio as that at 1 day.
Hence, while RGD in CPC promoted the hESCd-MSC at-
tachment at 1 day, it did not increase cell proliferation by 14
days. This may be because the CPC-chitosan-RGD specimen
had many more cells, and hence, there was more local con-
tact inhibition than cells on CPC control. Hence, the higher
cell density on CPC-chitosan-RGD may have limited further
cell proliferation. Further study using the macroporous
three-dimensional CPC scaffold with more space for cell
proliferation is needed to investigate the effect of RGD-
modification on cell proliferation in CPC. The present study
showed for the first time that RGD modification of CPC (1)

increased the strength and toughness of CPC, (2) increased
the hESCd-MSC attachment to CPC, (3) achieved a much
higher cell density at 14 days on CPC-chitosan-RGD com-
pared with CPC-chitosan control.

hESCd-MSCs on CPC-chitosan-RGD differentiated into
the osteogenic lineage, with high expressions of osteogenic
markers and mineral synthesis. Gene expressions of ALP,
OC, Coll I, and Runx2 play key roles in the osteogenic dif-
ferentiation of MSCs.66 As an enzyme expressed in the early
stage of MSC osteogenesis, ALP is a well-defined marker for
differentiation. As the cascade of events for the differentia-
tion continues, other markers, such as OC, Coll I, and Runx2,
also become upregulated.66 This is consistent with the results
of the present study on hESCd-MSCs, which showed that
while ALP peaked at 7 days, OC, Coll I, and Runx2 peaked
at 14 days. In addition, the present study showed that cells
on CPC-chitosan-RGD had moderately higher osteogenic
gene expressions than those on CPC-chitosan control. The
RT-PCR results represent the average gene expression level
of cells in each scaffold; hence, a larger RT-PCR value rep-
resents a higher gene expression per cell and not because
there were more cells in the scaffold. The observation that
RGD in CPC promoted osteogenic gene expressions is in
agreement with previous studies using different substrates
and different types of cells.12,67,68 The amount of minerals
synthesized by hESCd-MSCs was much more on CPC-

FIG. 6. RT-PCR results for
osteogenic differentiation of
hESCd-MSCs on CPC-
chitosan control and CPC-
chitosan-RGD: (A) Alkaline
phosphatase (ALP), (B)
Osteocalcin (OC), (C)
Collagen type I (Coll I), and
(D) Runx2 gene expressions.
Each value is mean – sd; n = 5.
hESCd-MSCs attaching to
both scaffolds showed
osteogenic differentiation.
The ALP peaked at 7 days.
The OC, Coll I, and Runx2
peak at 14 days. In each plot,
values with dissimilar letters
are significantly different
( p < 0.05). Color images
available online at www
.liebertpub.com/tea
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chitosan-RGD than on CPC-chitosan control. This is likely
because cells on CPC-chitosan-RGD had better attachment,
and there were more cells on CPC-chitosan-RGD than CPC-
chitosan control, which contributed to much more mineral
synthesis. It should be noted that the mineral synthesis by
cells on CPC-chitosan-RGD were greatly increased, while the
RT-PCR results for CPC-chitosan-RGD were only slightly
increased, compared to CPC-chitosan control. This is because
two factors contributed to the amount of mineral synthesis:
(1) More cells on CPC-chitosan-RGD due to better cell at-
tachment; and (2) enhanced osteogenic differentiation per
cell on CPC-chitosan-RGD. In contrast, only factor 2 con-
tributed to the RT-PCR results, because the RT-PCR results
were related to gene expression per cell. Therefore, it can be
concluded that hESCd-MSCs synthesized much more min-
erals on CPC-chitosan-RGD than on CPC-chitosan control,
resulting from slightly enhanced osteogenic differentiation
per cell, but many more cells due to better cell attachment on
CPC-chitosan-RGD. Hence, this study demonstrated that: (1)
MSCs could be successfully derived from hESCs, which were
compatible with CPC and yielded excellent proliferation and
differentiation; (2) CPC could be a promising carrier to
deliver hESCd-MSCs for bone tissue engineering; (3) RGD-
immobilized chitosan incorporation into CPC greatly in-
creased hESCd-MSC attachment and live cell density on the
CPC-chitosan-RGD scaffold. Further study is needed to
evaluate the hESCd-MSCs delivered via CPC-chitosan-RGD
for bone regeneration in an animal model.

Conclusions

This study immobilized RGD in chitosan for incorporation
into a self-setting CPC, and investigated hESCd-MSCs pro-
liferation and osteogenic differentiation on CPC-chitosan-
RGD for the first time. MSCs were obtained by culturing
hESC colonies and EBs. The hESCd-MSCs were shown to be
compatible with CPC, resulting in good cell viability, fast
proliferation, highly elevated osteogenic marker expressions,
and bone mineral synthesis. RGD incorporation into CPC
significantly increased the strength and toughness of CPC
without adversely affecting the cement setting time. hESCd-
MSC attachment on CPC-chitosan-RGD was improved by
60%, compared to that on CPC-chitosan control. hESCd-
MSCs proliferated well on CPC-chitosan-RGD and increased
live cell density by 6.4-fold from 1 to 14 days. Osteogenic
marker expressions were enhanced with RGD in CPC. Mi-
neral synthesis by hESCd-MSCs on CPC-chitosan-RGD was
twice that on CPC-chitosan control at 21 days. Therefore, the
novel CPC-chitosan-RGD scaffold increased hESCd-MSC
attachment, live cell density, osteogenic expressions, and
mineralization. These results support the promise of hESCd-
MSCs for bone tissue engineering. The strong CPC-chitosan-
RGD scaffold seeded with hESCd-MSCs with excellent
proliferation and differentiation may be useful for orthopedic
and craniofacial applications.
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