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Current methods of treating critical size bone defects include autografts and allografts, however, both present
major limitations including donor-site morbidity, risk of disease transmission, and immune rejection. Tissue
engineering provides a promising alternative to circumvent these shortcomings through the use of autologous
cells, three-dimensional scaffolds, and growth factors. We investigated the development of a scaffold with
native bone extracellular matrix (ECM) components for directing the osteogenic differentiation of human
embryonic stem cells (hESCs). Toward this goal, a microsphere-sintering technique was used to fabricate
poly(lactic-co-glycolic acid) (PLGA) scaffolds with optimum mechanical and structural properties. Human
osteoblasts (hOBs) were seeded on these scaffolds to deposit bone ECM for 14 days. This was followed by a
decellularization step leaving the mineralized matrix intact. Characterization of the decellularized PLGA
scaffolds confirmed the deposition of calcium, collagen II, and alkaline phosphatase by osteoblasts. hESCs were
seeded on the osteomimetic substrates in the presence of osteogenic growth medium, and osteogenicity was
determined according to calcium content, osteocalcin expression, and bone marker gene regulation. Cell pro-
liferation studies showed a constant increase in number for hESCs seeded on both PLGA and ECM-coated
PLGA scaffolds. Calcium deposition by hESCs was significantly higher on the osteomimetic scaffolds com-
pared with the control groups. Consistently, immunofluorescence staining demonstrated an increased expression
of osteocalcin in hESCs seeded on ECM-coated osteomimetic PLGA scaffolds. Gene expression analysis of
RUNX2 and osteocalcin further confirmed osteogenic differentiation of hESCs at the highest expression level
on osteomimetic PLGA. These results together demonstrate the potential of PLGA scaffolds with native bone
ECM components to direct osteogenic differentiation of hESCs and induce bone formation.

Introduction

L ike many tissues in the body, bone has a natural ability
to repair minor injuries resulting from disease or small

fractures. Despite this, it is estimated that over 800,000 bone
graft procedures are completed yearly in the United States to
facilitate repair from large-scale trauma.1–3 Current treatment
methods for critical-sized defects (CSDs) include (i) auto-
grafts, where the patient’s own bone tissue is removed from
one area and placed in the site of deficiency, (ii) allografts,
where bone from a cadaver is used to replace the damaged
tissue, (iii) and synthetic grafts, where manufactured materi-
als are implanted and used to treat the CSD.4–6 Autografts are
considered the gold standard in clinical applications because
of their osteoconductivity, osteoinductivity, and osteogenecity,
however, a secondary surgery is required for implementation.
There is also a risk of disease transfer, rejection by the host,

and large bone defects cannot be treated by autografts.3,7–11

Long-term storage of bone tissue for allografts causes bone
architecture to dramatically weaken and most of the osteo-
progenitor cells are no longer viable. Synthetic grafts cannot
fully incorporate with the host tissue and are susceptible to
fatigue, fracture, and wear.12 Therefore, there is a need for
better treatment options for patients with CSDs.

Tissue engineering presents a new avenue for developing
bone grafts by combining the use of cells, specific signaling
molecules, and three-dimensional (3D) substrates.13–16 Recent
efforts toward developing bone graft substitutes focus on 3D
scaffold design. The 3D matrix should mimic the structure of
bone, in which porosity and mechanical strength are important
characteristics. A scaffold should also guide the integration of
host cells, the differentiation of transplanted cells, and pro-
mote bone extracellular matrix (ECM) formation on the sur-
face of the substrate.17 In this spirit, biodegradable scaffolds
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provide a temporary matrix for cells to attach, proliferate,
and deposit ECM.18–22 Polymers such as poly(lactic acid),
poly(glycolic acid), and their copolymers poly(lactic-co-
glycolic acid) (PLGA) have demonstrated success in bone
tissue engineering applications due to their biocompatibility,
osteoconductivity, and mechanical properties.23–27

Cells seeded on scaffolds may stimulate signaling events
that trigger host cells to migrate and integrate with the newly
formed tissue, thus accelerating wound healing process
following scaffold implantation. Both human mesenchymal
stem cells (hMSCs) and human embryonic stem cells
(hESCs) have been investigated as a source of new bone
tissue for grafts. hESCs possess the unique ability to self-
renew and have the potential to differentiate into any cell
type formed from the three germ layers.28,29 hESCs offer a
promising tool for biomedical research as they can be used
in developmental studies, disease modeling, drug testing,
and regenerative medicine.30 These stem cells are derived
from the inner cell mass of a preimplantation embryo during
the blastocyst stage.31–33 The maintenance and culture of
hESCs usually involves growing cells in feeder-dependent
or feeder-free conditions, and cells are kept in colonies to
preserve an undifferentiated state. Embryoid bodies (EBs)
are commonly used to mimic the three-dimensionality of
development during gastrulation and the formation of the
three germ layers in vivo.34 The limitation of employing EBs
for differentiation studies arises from the fact that the yield
of desired cells is much lower than the initial amount of
cells.35 To use hESCs for differentiation experiments, cells
must retain pluripotency and self-renewal capabilities, and it
is imperative to parse the underlying developmental mech-
anisms involved in osteogenesis to successfully engineer
bone tissue.

Numerous studies have demonstrated the potential of
hMSCs in bone tissue engineering applications.36–41 While
they eliminate the controversy surrounding hESCs, they also
present key disadvantages such as the loss of proliferation
capabilities with increasing passages and their infrequency in
the stroma indicates a limited population of cells that can
actually differentiate into osteogenic lineage.42,43 Studies
conducted in animal models demonstrated that the amount of
bone formed from hMSCs was insufficient to bridge a large
bone defect.44 Furthermore, clinical trials have also deter-
mined hMSCs inadequate for repairing CSDs due to lack of
cell number and requirement of additional osteoinductive
signals.45 Another shortcoming with using hMSCs for tissue
engineering studies is that multipotency limits their differ-
entiation potential to specific cell types.46,47 Since the for-
mation of bone requires numerous varieties of cells,48 hMSCs
are not an ideal cell source.

hESCs are promising candidates for bone tissue engi-
neering applications since they can differentiate into every
cell type found in bone.49–54 Osteoblasts, osteoclasts, nerve
cells, and vascular cells all contribute to bone architecture and
function, and given the correct signals, hESCs will become
these cell types.48 hESCs are the superior choice for bone
tissue regeneration strategies, but they offer obstacles to
overcome as well. hESCs are difficult to culture and scaffold
surface modification is required for cell attachment; sub-
strates traditionally have been coated with protein cocktails
such as Matrigel or Geltrex to promote cell adhesion. Bone-
forming osteoblast cells or osteoprogenitor cells can also be

used to deposit natural ECM proteins onto the substrate for
hESC attachment. To date, great strides have been taken in
using native bone components to create scaffolds to promote
the growth of osteoblast-like cells, however, most approaches
focus on one element of the ECM as opposed to the entire
network.55–64 Decellularized scaffolds composed of the or-
ganic and inorganic elements of bone ECM are osteoinduc-
tive and osteoconductive. The interactions between cells and
the ECM have the ability to define cell development and
function.65 By using osteoblasts to deposit ECM, a natural
bone microenvironment is created that will stimulate hESCs
to differentiate into osteogenic lineage. Although numerous
studies have shown the potential of decellularized scaffolds,
there is a lack of characterization of the signals involved in
using natural ECM to direct the differentiation of hESCs and
there is a need for determining which spatial and temporal
cues control the diverse development of bone.

In this study, we developed an osteomimetic PLGA scaf-
fold that will allow hESC attachment, proliferation, and dif-
ferentiation into osteogenic lineage. We hypothesized that the
native bone ECM deposited by hOBs will cover the surface of
the microsphere-sintered PLGA scaffolds, and will direct the
differentiation of hESCs into bone lineage by providing a
natural bone tissue microenvironment. This hypothesis is
based on studies demonstrating the use of native bone ECM
components in stimulating hESCs and hMSCs to differentiate
into osteoblasts.55,56 To this end, the properties of the os-
teomimetic scaffolds such as ECM composition and mor-
phology and the in vitro differentiation of hESCs into bone
tissue were investigated.

Materials and Methods

Synthesis of PLGA microsphere sintered scaffolds

Scaffolds with diameters of 10 mm and heights of 2 mm
were fabricated and used in this study. Briefly, PLGA (75:25
lactide to glycolide ratio; Lactel Absorbable Polymers) was
dissolved in dichloromethane (Sigma) to form a 1:4 w/v
polymer solution. This solution was added to a 1% poly(vinyl
alcohol) solution (Sigma) while being stirred at 330 rpm for
24 h to allow adequate evaporation of the solvent. After
harvesting the microspheres by vacuum filtration, the samples
were washed with deionized (DI) water and stored at - 20�C
for 24 h. The microspheres were lyophilized to completely
remove all moisture. Commercially available micron sieves
were used to isolate microspheres of diameter 500–700mm
and they were placed into stainless steel molds, heated at
85�C for 12 h, and sintered into cylindrical disks.

hOB cell culture and PLGA scaffold seeding

P3 human osteoblasts hFOB 1.19 (ATCC) were cultured in
osteogenic differentiation medium consisting of DMEM/F12
(Gibco), 10% fetal bovine serum (FBS; Atlas), 10 mM
b-glycerophosphate (Sigma), 50mg/mL ascorbic acid (Sigma),
1mM dexamethasone (Sigma), and 1% penicillin/streptomycin
(Invitrogen). Medium was changed every other day and cells
were passaged once 80% confluency was reached. After two
passages, human osteoblasts (hOBs) were trypsinized and
seeded on the scaffolds.

Before seeding hOBs on the PLGA substrates, scaffolds
were sterilized by immersion in 70% ethanol for 10 min,
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washed 3· with phosphate buffered saline (PBS), and ex-
posed to UV light for 30 min on each side. hOBs were de-
tached from the culture flask using trypsin and 20mL
(containing 5 · 105 cells) of cell suspension were seeded per
scaffold. Cells were cultured in osteogenic medium for 14
days and culture medium was changed every other day.

Cell attachment and proliferation was analyzed during the
14 day culture period using 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS; Promega) colorimetric assay. Three hundred micro-
liters of fresh media was added to each scaffold, and incu-
bated for 2 h with 60mL of MTS solution. The resulting
solution was diluted 1:5 and the absorbance was read at
492 nm using a UV Vis Spectrophotometer.

Decellularization and analysis

PLGA scaffolds were decellularized by adding a sterile
solution of 0.25% Triton X-100 (Sigma) and 0.25% deox-
ycholate (Alfa Aesar) dissolved in PBS for 30 min at 4�C,
followed by incubation at 37�C for several hours. The de-
cellularization solution was removed and scaffolds were
washed 3· with PBS.

Decellularized scaffolds were characterized by Alizarin
Red S staining, calcium quantification, alkaline phosphatase
(ALP) staining, collagen II staining, and scanning electron
microscopy (SEM). To visualize the mineralized ECM,
samples were first fixed in 10% formalin for 30 min and
washed 3· with DI water. Alizarin Red S staining solution
(pH 4.2–4.5; Alfa Aesar) was added to the samples at a
concentration of 0.02 mg/mL and incubated for 5 min.
Samples were washed for 5 h in 100% ethanol and ethanol
was changed every 30 min. Mineralized ECM was visual-
ized with a Zeiss light microscope. To quantify the miner-
alized calcium, the O cresolphthalein complexone (Sigma)
method was used. DI water was used to wash the scaffolds
3· , and 0.6 M hydrochloric acid was employed to homog-
enize the samples followed by 4 h of shaking at 4�C for
calcium extraction. The amount of calcium was determined
by reading the absorbance at 570 nm with a UV Vis spec-
trophotometer. ALP was detected by using ALP kit #85
(Sigma) in which scaffolds were fixed with 10% formalin
for 30 min and washed 3· with PBS. The Fast Blue capsule
was dissolved in napthanol to prepare the staining solution,
added to the scaffold, and incubated for 30 min. The scaf-
folds were washed 3· with PBS followed by incubation in
the Mayer’s hematoxylin solution for 10 min. ALP was
observed and photographed using a Nikon E600 light mi-
croscope. To determine collagen II expression, scaffolds
were fixed in 10% formalin for 30 min and washed 3· with
PBS. After washing, scaffolds were permeabilized using
0.1% Triton X-100 solution for 15 min. Cells were washed
3· with PBS and blocked using 1% bovine serum albumin
(Sigma) in PBS for 30 min. FITC-conjugated anti-collagen
II antibody (1:100; Thermo) was added to the scaffolds for
1 h followed by washing 3· with PBS. Cell nuclei were
stained by adding 4¢-6-diamidino-2-phenylindole (DAPI,
1:25; Sigma) antifade to the decellularized constructs. The
samples were visualized using a Zeiss 510 LSM confocal
microscope and a water immersion lens. For SEM analysis,
cells on the scaffolds were fixed in 1% glutaraldehyde for
1 h followed by fixation in 3% glutaraldehyde at 4�C over-

night. The scaffolds were dehydrated sequentially by a se-
ries of increasing ethanol concentrations (10%, 30%, 50%,
70%, 90%, 95%, 95%, 100%, and 100%) for 15 min each.
PGLA scaffolds were dried overnight and coated with gold/
palladium. Scaffolds were observed under Zeiss Ultra Plus
FESEM after coating.

hESC seeding

hESCs from cell line h9 (Wicell) p38 were grown on a
feeder layer of mitomycin C inactivated mouse embryonic
fibroblasts (MEF) (cell line PMEF-CFL; Millipore) in me-
dium consisting of DMEM/F12 (Gibco), 20% Knock-out
serum replacement (Gibco), 3.5 mM L-Glutamine (Invitro-
gen), 100mM b-mercaptoethanol (Sigma), 1% nonessential
amino acids (Invitrogen), and 10 ng/mL bFGF (Peprotech).
The MEF cells were used as a feeder layer and cultured in
high glucose with L-glutamine DMEM (Gibco) supple-
mented with 10% FBS and 1% penicillin/streptomycin (In-
vitrogen). Mitomycin C (10 mg/mL; Sigma) was used to
inactivate MEF cells for 2.5 h, after which cells were seeded
at a density of 2.1 · 104 cells/cm2 on tissue culture plastic
coated with 1% gelatin (Sigma). Cells were cultured for 1
day in MEF media prior to hESC seeding. hESCs were
detached from the tissue culture plate by a combination
of the enzyme collagenase IV (Sigma) and by manually
scraping. Approximately 50,000 hESCs were seeded per
scaffold, and MEF-conditioned hESC medium was used to
ensure cell attachment overnight. The following day, culture
medium was changed from conditioned medium to osteo-
genic differentiation medium. Osteogenic differentiation
medium was changed the following day to remove cell de-
bris, then every 3 days for the remainder of the experiment.

For the control groups, two-dimensional (2D) tissue culture
polystyrene (TCPS) and Geltrex-coated PLGA scaffolds were
used. To coat the PLGA scaffolds and 2D culture plates,
2.5mL of Geltrex (Invitrogen) was mixed with 1 mL of cold
DMEM/F12, added to the scaffolds and plates, and incubated
at 37�C for 1 h, then incubated at room temperature for 1 h.
Approximately 50,000 hESCs were seeded per well of a 24-
well plate, and per Geltrex-coated PLGA scaffold.

Cell attachment, growth, and morphology

At predetermined time points, cell morphology was as-
sessed using SEM. Cells on the scaffolds were prepared as
previously described and observed under a Zeiss Ultra Plus
FESEM after coating.

Cell proliferation on scaffolds was assessed using MTS
(Promega) colorimetric assay. Three hundred microliters of
fresh media was added to each scaffold, and incubated for
2 h with 60 mL of MTS solution. The resulting solution was
diluted 1:5 and the absorbance was read at 492 nm using a
UV Vis Spectrophotometer.

Cytoskeleton formation was observed by F-actin staining.
Cells on the scaffolds were fixed at room temperature in
10% formalin for 30 min. After washing scaffolds 3· with
PBS, cells were permeabilized using a 0.1% Triton X-100
solution for 15 min. Cells were then washed 3· with PBS
and blocked using 4% Goat Serum in PBS for 30 min.
TRITC-conjugated phalloidin (1:40; Invitrogen) was added
to the scaffolds for 1 h, samples were washed 3· with PBS,
and cell nuclei were stained with DAPI (1:25; Sigma).
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Stained cells were visualized using a Zeiss 510 LSM con-
focal microscope under a water immersion lens.

Assessment of osteogenic differentiation

Osteogenic differentiation was assessed by monitoring
the calcium deposition, osteocalcin expression, and quanti-
tative real-time polymerase chain reaction (qRT-PCR) anal-
ysis of RUNX2 and BGLAP genes.

Calcium was quantified using the O cresolphthalein
complexone (Sigma) method. At predetermined time points,
cell culture medium was removed from the scaffolds and
cells were washed 3· with DI water. 0.6 M hydrochloric
acid was used to homogenize the samples followed by 4 h of
shaking at 4�C for calcium extraction. Samples were com-
pared against CaCl2 standards and the amount of calcium
was determined by reading the absorbance at 570 nm with a
UV Vis spectrophotometer.

ECM mineralization was assessed using Alizarin Red S
staining. Samples were fixed in 10% formalin for 30 min and
washed 3· with DI water. Alizarin Red S staining solution
(pH 4.2–4.5; Alfa Aesar) was added to the samples at a
concentration of 0.02 mg/mL and incubated for 5 min.
Samples were washed for 5 h in 100% ethanol, and ethanol
was changed every 30 min. Mineralized ECM was visual-
ized with a Nikon E600 light microscope.

Osteocalcin was qualitatively observed by immunofluo-
rescence staining. In brief, cells were fixed in 10% formalin
for 30 min, followed by washing 2· with a rinse buffer
(20 mM Tris-HCL and 0.05% Tween-20 in PBS; Sigma). The
sample was then permeabilized with 0.1% Triton X-100
(Sigma) in PBS for 15 min, and washed 2· with the rinse
buffer. Cells were blocked with 4% goat serum in PBS for
30 min. The primary antibody, osteocalcin (1:50; R&D Sys-
tems), was added to the scaffolds and incubated for 60 min.
Following the primary antibody incubation, the samples were
washed 3· with the rinse buffer for 5 min each time. Then,
Alexafluor 594 (1:1000; Invitrogen) was added to the samples
and incubated for 1 h, followed by DAPI (1:25; Sigma) nu-
clear stain. Stained cells were visualized using a Zeiss 510
LSM confocal microscope under a water immersion lens.

Total RNA was extracted from the samples using the
GeneJET RNA Purification Kit (Thermo Scientific). One
microgram of RNA was used as a template for single-strand
cDNA synthesis with the RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific). In brief, RNA was pre-
pared by first removing genomic DNA from the sample. The
reaction buffer with MgCl2, DNase, I., and nuclease-free
water was added to 1 mg of RNA to a total volume of 10 mL.
The sample was incubated at 37�C for 30 min, then 1 mL
50 mM EDTA was added and incubated at 65�C for 10 min.
The template RNA was mixed with 1 mL oligo (dT)18 primer
and nuclease-free water to a volume of 12mL, followed by
the addition of 4 mL of 5· Reaction Buffer, 1 mL Ribolock
RNase Inhibitor, 2 mL 10 mM dNTP Mix, and 1 mL Re-
vertAid M-MuLV Reverse Transcriptase. This mixture was
then incubated at 42�C for 1 h. The SensiFAST SYBR No-
ROX Kit (Bioline) was used for qRT-PCR. One hundred
nanograms of cDNA was mixed with 10mL 2· SensiFAST
SYBR No-ROX Mix, 10 mM forward primer, 10 mM reverse
primer, (see Table 1 for sequences), and nuclease-free water
to 20 mL. A three-step cycling was used on a Bio-Rad

CFX96 instrument: 1 cycle of 95�C for 2 min to activate the
polymerase, followed by 40 cycles of 95�C for 5 s to de-
nature, 65�C for 10 s for annealing, then 10 s at 72�C for
extension. Gene expression of RUNX2 and BGLAP were
normalized to GAPDH and presented as relative values.

Statistical analysis

Three samples (n = 3) were analyzed per condition unless
otherwise stated. Error bars in graphs represent mean – stan-
dard deviation. One-way analysis of variance was used to
determine statistical significance. Comparison between the
two means was determined by the Tukey test and statistical
significance was defined as p £ 0.05.

Results

Figure 1 demonstrates the growth of hOBs on PLGA
scaffolds during the 14 day culture period. The number of cells
was determined for days 1, 4, 7, and 14. Cells attached to the
scaffolds and cell number steadily increased at each sequential
time point. From this assay it was confirmed that cells were
proliferating, therefore depositing ECM on the substrate.

Figure 2 shows characterization of the microsphere-
sintered PLGA scaffolds. The scaffolds were all highly
porous with interconnected structures, and demonstrated
similar architecture to that of trabecular bone. SEM images

Table 1. Primers Used for Quantitative Real-Time

Polymerase Chain Reaction

Primer name Sequence

RUNX2 forward 5¢-CTC ACT ACC ACA CCT ACC
TG-3¢

RUNX2 reverse 5¢-TCA ATA TGG TCG CCA AAC
AGA TTC-3¢

BGLAP forward 5¢-GGC GCT ACC TGT ATC AAT
GG-3¢

BGLAP reverse 5¢-TCA GCC AAC TCG TCA CAG
TC-3¢

FIG. 1. Proliferation of hOBs on PLGA scaffolds at time
points of days 1, 4, 7, and 14. Cell number steadily increased
during the 14-day culture period. # represents a significant
difference in cell number between days 14 and 1 at a sig-
nificance level of p < 0.2. hOBs, human osteoblasts; PLGA,
poly(lactic-co-glycolic acid).
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of decellularized scaffolds (Fig. 2A) showed ECM deposition
covering the surface of the microspheres, with collagen fibrils
clearly defined. Alizarin Red S staining indicated the pres-
ence of calcium in the mineralized ECM (Fig. 2B), while
collagen II staining demonstrated the presence of collagen II
in the ECM (Fig. 2C). The enzyme ALP was also found on
the surface of the decellularized PLGA scaffolds, as shown
by the purple/blue stain indicative of ALP (Fig. 2D). The

quantification of the mineralized calcium on the decellular-
ized scaffolds indicated that an average of 1.17mg of calcium
was present per construct.

Figure 3 demonstrates cell attachment and morphology of
hESCs (Fig. 3A), and proliferation and morphology of hESC-
derived osteogenic progenitors (Fig. 3B). The hESC colonies
were able to attach to the decellularized matrix, initially in
large, compact colonies (Fig. 3A). They continued to grow

FIG. 2. Analysis of osteo-
mimetic scaffolds. (A) SEM
image of ECM covering sur-
face of PLGA scaffold, scale
bar 10 mm and magnification
2000· ; (B) Alizarin Red S
staining of calcium deposited
by hOBs on scaffold surface,
scale bar 200mm and mag-
nification 10· ; (C) Collagen
II staining of ECM confirms
ECM composition, scale bar
50mm and magnification
20· ; (D) ALP staining of
ECM covering surface of
PLGA scaffold, scale bar
500mm and magnification
4· . ALP, alkaline phospha-
tase; ECM, extracellular ma-
trix; SEM, scanning electron
microscopy. Color images
available online at www.lie-
bertpub.com/tec

FIG. 3. SEM images of
hESCs and hESC-derived
osteogenic progenitors on
osteomimetic scaffolds. (A)
Day 0 shows colony attach-
ment, indicated by white ar-
row, scale bar 100mm and
magnification 300· ; (B) Day
7 demonstrates the onset of
differentiation, scale bar
10mm and magnification
500· ; (C) Day 35 shows
differentiated cells with os-
teoblast-like morphology,
scale bar 100mm and mag-
nification 100· ; (D) Day 35
differentiated hESCs, scale
bar 20 mm and magnification
200· . hESCs, human em-
bryonic stem cells.
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and spread, and after 7 days the cells no longer exhibited an
undifferentiated hESC phenotype (Fig. 3B). The cells formed
bridges between microspheres and fully covered the scaffold
surface at day 35 (Fig. 3C, D). Cell proliferation was moni-
tored by the MTS assay, and in all conditions, cells increased

in number (Fig. 4). Interestingly, the decellularized scaffold
group had the highest cell numbers compared with the
Geltrex-coated PLGA group, with the exception of day 7.
Cytoskeleton organization and morphology was observed by
SEM and immunofluorescence staining of F-actin and DAPI
(Fig. 5A, B, respectively). We observed that the cells pro-
liferated on the surface of the scaffolds and within the pores,
and there was no noticeable variation in cytoskeleton struc-
ture and morphology among the groups.

Osteogenic differentiation was assessed by observing cal-
cium content, osteocalcin expression, and qRT-PCR to quan-
tify osteogenic marker genes. The highest level of calcium
content was expressed by the hESCs on the decellularized
scaffolds, followed by the Geltrex-coated PLGA group, with
the 2D TCPS group demonstrating the least amount of
mineralized matrix (Fig. 6A). The immunofluorescence
staining of the differentiated cells on the scaffolds showed
that osteocalcin was present in the differentiated hESCs on
the decellularized scaffolds, Geltrex-coated PLGA scaf-
folds, and 2D TCPS. The highest level of osteocalcin was
detected in the decellularized scaffold, as shown in Figure
5C. To quantitatively evaluate the marker genes indicative
of osteogenic differentiation, qRT-PCR was employed. It
was found that the decellularized scaffolds and the PLGA
scaffolds exhibited the highest expression of RUNX2
compared with the 2D culture plate (Fig. 6B). BGLAP
levels were the highest in decellularized scaffolds, followed
by the PLGA scaffolds and 2D TCPS (Fig. 6C).

FIG. 4. Proliferation of hESCs on Geltrex-coated PLGA
and osteomimetic scaffolds, shown as cell number/scaffold.
* and + represent significant difference in cell number be-
tween the Geltrex-coated PLGA and the osteomimetic scaf-
folds at significance levels of p < 0.05 and 0.1, respectively.

FIG. 5. Confocal images
of day 35 differentiated
hESCs on osteomimetic
PLGA, scale bars 50 mm and
magnification 20· . (A) Ac-
tin demonstrates cytoskele-
ton formation; (B) DAPI
shows nuclear staining; (C)
Osteocalcin expression; and
(D) a merged image of actin,
DAPI, and osteocalcin.
DAPI, 4¢-6-diamidino-2-
phenylindole. Color images
available online at www
.liebertpub.com/tec
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Discussion

The ability to develop a 3D porous scaffold with com-
parable mechanical and structural properties to that of nat-
ural bone governs the success of many bone tissue
engineering endeavors. Bone is a complex tissue composed
of an architectural hierarchy: (i) the macrostructure, which
is made up of cortical and cancellous bone, (ii) the micro-
structure, which is composed of osteons, haversian systems,
and trabeculae, (iii) the submicrostructure, which is com-
prised of the lamellae, (iv) the nanostructure, which is
predominately composed of collagen I fibers, and (v) the
sub-nanostructure made up of mineralized matrix, smaller
collagen subunits, and other organic proteins.66 Due to this
intricate tissue configuration, recreating bone structure is a
major hurdle in generating scaffolds. Another obstacle in
bone tissue engineering studies is deciphering specific roles
of scaffold design parameters governing in vitro osteogenic
differentiation and in vivo osteointegration.

The research work described in this study centers in on
designing an osteomimetic scaffold composed of micro-
sphere-sintered PLGA scaffolds and native bone ECM com-
ponents secreted by osteoblast cells. These scaffolds were
then applied to an in vitro study that analyzed the osteogenic
differentiation of hESCs seeded on these decellularized
scaffolds as compared to the control Geltrex-coated PLGA
scaffolds and 2D TCPS group. It was hypothesized that
hESCs seeded on the native bone ECM scaffolds would ex-
hibit faster osteogenic differentiation and greater expression
of mineralized matrix, higher levels of osteocalcin expres-
sion, and greater levels of bone marker genes such as RUNX2
and osteocalcin. A rationale for this work was based on recent
studies that demonstrated the potential of decellularized bone
matrices in directing the differentiation of hESCs and hMSCs
into osteogenic lineage.55,56

In this study, we used microsphere-sintering to develop
scaffolds. This fabrication technique produces scaffolds of
tunable porosity and mechanical strength within the range of
trabecular bone.26,67 Osteoblasts readily attach to PLGA
substrates through proteins in the FBS adsorbing to the sur-
face of scaffolds allowing for integrin–ligand interactions,
however, hESCs need surface modifications to adhere to the
scaffolds. To alter the surface of the substrate for promoting
the attachment of hESCs, a native bone microenvironment
was generated by seeding hOBs on the PLGA scaffolds, then
removing the cells while leaving the ECM intact. During the
14-day culture period, hOBs proliferated on the scaffolds and
deposited ECM on the surface of the substrate. The ECM
secreted by the osteoblasts contained calcium, ALP, collagen
II, and other proteins found in bone structure. Since bone is
formed via endochondral ossification in the embryo, the
collagen II structure laid down by the hOBs is thought to
stimulate the natural signaling pathways for hESCs to dif-
ferentiate into osteogenic lineage.68

Cell attachment and morphology was assessed by using
SEM. Cell shape is indicative of adhesion since cells that
have a spread-out morphology have more focal adhesions
and greater cell-substrate contact than cells exhibiting a
round morphology. Differentiated hESCs on the Geltrex-
coated PLGA scaffold and decellularized PLGA scaffold
demonstrated a spread phenotype, and the cells were able to
migrate throughout the scaffold by forming extensions

FIG. 6. Calcium deposition and gene expression of differ-
entiated hESCs on 2D culture plates, Geltrex-coated PLGA,
and osteomimetic PLGA. * and ^ represent significant dif-
ference in calcium content and gene expression by cells on
osteomimetic scaffolds compared with Geltrex-coated PLGA
and 2D tissue culture plates at significance levels of p < 0.05
and 0.5, respectively. (A) Calcium quantification for each
group represented as microgram/substrate where the substrate
is the scaffold for the osteomimetic PLGA and geltrex-coated
PLGA groups, and the 2D well surface for the TCPS group;
(B) Relative RUNX2 gene expression (n = 2); (C) Relative
BGLAP gene expression (n = 2). All values were normalized
to GAPDH. 2D, two-dimensional; TCPS, tissue culture
polystyrene.
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between adjacent microspheres. This result is consistent
with previous studies demonstrating the proliferation of
primary fibroblasts and osteoblasts on PLGA microsphere-
sintered scaffolds.26,67,69

In line with other studies, our in vitro evaluation of the
decellularized scaffolds demonstrated a higher level of os-
teogenic differentiation compared with the control groups.
hESCs underwent differentiation over a 35 day period as a
result of physical cues from the native ECM scaffolds and
chemical growth factors in the differentiation media. The
extent of differentiation was measured by quantifying cal-
cium expression, in addition to immunofluorescence stain-
ing of osteocalcin and by analyzing gene expression of
osteocalcin and RUNX2 by qRT-PCR. Common methods of
analyzing osteogenic differentiation include quantifying
ALP, collagen I, noncollagenous proteins such as osteo-
calcin, and the existence of bone apatite70; however, these
qualities are not unique to bone-forming osteoblasts. The
most stand-alone method of determining osteoblast differ-
entiation besides analyzing mRNA is the observation of a
cell-mediated calcified ECM.71 We determined calcium
content of each experimental group, and the osteomimetic
scaffolds expressed the highest amount compared with the
2D control and Geltrex-coated PLGA scaffolds. Our study
showed that 3D microenvironments produced from micro-
sphere-sintered PLGA scaffolds generates a higher level of
hESC differentiation into osteogenic lineage compared with
cells grown on 2D tissue culture plates. Furthermore, our
results from these tests demonstrate that the presence of
native bone ECM on 3D PLGA scaffolds leads to an ele-
vated expression of osteogenic markers. RUNX2 is the main
transcription factor for the osteoblast, and it is exclusively
required for osteoblast differentiation.48 RUNX2 expression
determines osteogenic lineage commitment; therefore, the
upregulation of RUNX2 mRNA quantified by qRT-PCR
demonstrates the differentiation of hESCs into osteoblasts.

The advantage of our synthetic scaffolds coated with bone
ECM is that we can design the polymer to mimic the
structure of trabecular bone while exhibiting similar me-
chanical properties. This eliminates the risk of immunoge-
nicity associated with using bone from humans or animals
that has been decellularized. Decellularized scaffolds offer a
native bone microenvironment in which stem cells can re-
ceive signals from the proteins and embedded growth fac-
tors. These signals govern cell type and function.

The enthusiasm for using hESCs as a source for bone
tissue is hindered by ethical concerns and the need to estab-
lish protocols to obtain a homogenous population of differ-
entiated cells.28,72 Also, the risk of teratoma formation is a
major issue in using hESCs in vivo.73,74 Future directions of
this study include delineating the mechanisms by which na-
tive bone ECM components and architecture modulates the
osteogenic differentiation of hESCs. This will enable us to
design a scaffold that induces cells to exclusively form
components of bone and it will ensure that teratoma forma-
tion will not occur.

Conclusions

In this study, osteomimetic PLGA scaffolds were fabri-
cated by microsphere-sintering and by utilizing hOBs to
deposit bone ECM on the surface of the polymer. The native

bone ECM substrates resembled bone tissue in composition.
The potential of these scaffolds as bone graft substitutes was
evaluated by the in vitro differentiation of hESCs on the
osteomimetic substrates and Geltrex-coated PLGA and 2D
tissue culture plates. Our results demonstrated that the de-
cellularized scaffolds promoted cell adhesion, proliferation,
and osteogenic differentiation. Incorporating native com-
ponents of bone-ECM with PLGA scaffolds has proven to
be a successful approach to tissue engineering bone. A more
detailed study is warranted to parse the in vivo mechanisms
by which ECM proteins regulate osteogenesis.
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