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Abstract

Human embryonic stem cells (hESCs) are exciting for regenerative medicine applications because
of their strong proliferative ability and multilineage differentiation capability. To date there has
been no report on hESC seeding with calcium phosphate cement (CPC). The objective of this
study was to investigate hESC-derived mesenchymal stem cell (hRESCd-MSC) encapsulation in
hydrogel microbeads in macroporous CPC for bone tissue engineering. hESCs were cultured to
form embryoid bodies (EBs), and the MSCs were then migrated out of the EBs. hRESCd-MSCs had
surface markers characteristic of MSCs, with positive alkaline phosphatase (ALP) staining when
cultured in osteogenic medium. hESCd-MSCs were encapsulated in alginate at a density of 1
million cells/mL, with an average microbead size of 207 um. CPC contained mannitol porogen to
create a porosity of 64% and macropores with size of 218 um, with 20% absorbable fibers for
additional porosity when the fibers degrade. hESCd-MSCs encapsulated in microbeads in CPC
had good viability from 1 to 21 d. ALP gene expression at 21 d was 25-fold that at 1 d.
Osteocalcin (OC) at 21 d was two orders of magnitude of that at 1 d. ALP activity in colorimetric
p-nitrophenyl phosphate assay at 21 d was 5-fold that at 1 d. Mineral synthesis by the encapsulated
hESCd-MSCs at 21 d was 7-fold that at 1 d. Potential benefits of the CPC-stem cell paste include
injectability, intimate adaptation to complex-shaped bone defects, ease in contouring to achieve
esthetics in maxillofacial repairs, and /n situ setting ability. In conclusion, hESCd-MSCs were
encapsulated in alginate microbeads in macroporous CPC showing good cell viability, osteogenic
differentiation and mineral synthesis for the first time. The hESCd-MSC-encapsulating
macroporous CPC construct is promising for bone regeneration in a wide range of orthopedic and
maxillofacial applications.
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1. Introduction

In 2004, the health care costs plus the lost wages for people in the United States with
musculoskeletal diseases reached approximately $849 billion, or 7.7% of the national gross
domestic product [1]. Skeletal diseases, congenital malformations, trauma, and post-cancer
ablative surgery often require bone reconstruction, and the need is increasing dramatically as
the population ages [2—-6]. Tissue engineering approaches offer exciting promises to meet
this need [7-12]. Extensive studies have resulted in significant progress in stem cell delivery
via scaffolds with great potential for tissue regeneration [13-16].

Scaffolds are important for bone regeneration, and injectable scaffolds can be used in
minimally-invasive procedures and fit intimately into complex-shaped defects [11,17-19].
Calcium phosphate (CaP) scaffolds mimic bone minerals, provide a more natural substrate
for cell attachment and expression of osteoblast phenotype, and can bond to bone to form a
functional interface [14,20-24]. For a preformed bioceramic to fit in 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 [17]. In contrast, calcium phosphate cements (CPC) are
injectable and can self-harden in situ [19,25-29]. The first CPC was developed in 1986 [25]
and approved in 1996 by the Food and Drug Administration (FDA) for repairing craniofacial
defects [30]. Recent studies increased the macroporosity and mechanical strength of CPC by
using porogens and absorbable fibers [31,32], and investigated stem cell seeding and
ostegenic differentiation [33].

Besides scaffolds, stem cells are another key element in tissue engineering. Human bone
marrow mesenchymal stem cells (hnBMSCs) are frequently studied for bone engineering
[2,3,6,9,10,34]. However, the harvest of hBMSCs requires an invasive procedure, and the
hBMSC proliferation and differentiation potential is lost due to aging [35-37] and diseases,
such as osteoporosis and arthritis [38,39]. With the baby boomers entering their senior years
and with the prevalence of osteoporosis and arthritis, the very people who need bone repair
are not able to provide potent hBMSCs for themselves. Therefore, there is a strong need for
alternative stem cells for bone regeneration. Human embryonic stem cells (hESCs) are a
highly promising cell source because of their potential for rapid proliferation to provide an
unlimited supply of stem cells [16,40-45]. They have the capability to proliferate and self-
renew over long periods of time and to differentiate into almost all cell types. For example,
mesenchymal tissues could be formed by cells after long-term /n vitro expansion till 63
population doublings [16]. However, there are only a few reports on the use of hESCs for
bone engineering [16,41-48]. So far there has been no report on hESC seeding with CPC.

Osteoblasts and human umbilical cord MSCs were encapsulated into CPC [33,49,50]. The
cells were first encapsulated into hydrogel microbeads, and the microbeads were then mixed
with CPC to protect the cells from the CPC mixing and injection forces. The cells after
injection had a good viability similar to that without injection [33]. The set CPC was
biocompatible and the encapsulated cells were able to undergo osteogenic differentiation
[33]. However, the encapsulation of hESCs and their osteogenic differentiation in CPC need
to be investigated.
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Accordingly, the objective of this study was to investigate CPC construct with alginate
microbeads encapsulating hESCs for osteogenic differentiation for the first time. It was
hypothesized that: (1) hESC-derived MSCs would remain viable while being encapsulated
in alginate microbeads in macroporous CPC construct; (2) hESC-derived MSCs in
microbeads in macroporous CPC construct could differentiate down the ostegenic lineage
with elevated levels of alkaline phosphatase (ALP) and osteocalcin (OC) as well as bone
mineral synthesis.

2. MATERIALS AND METHODS
2.1. hESC culture and propagation

hESCs were cultured to form three-dimensional cell aggregates called embryoid bodies
(EBs), and the MSCs were then migrated out of the EBs [16,42]. hESCs (H9, Wicell,
Madison, WI) usage was approved by the University of Maryland. The culture followed the
Wicell protocol. Undifferentiated hESCs were cultured as colonies (an example in the
present study is shown in Fig. 1A) on a feeder layer of mitotically-inactivated murine
embryonic fibroblasts (MEF). The feeder layer had 200,000 MEF/well seeded on six-well
culture plates (Nunclon A Surface, Nunc, Rochester, NY). Mitotic inactivation was achieved
through exposure to 10 pg/mL Mitomycin C for 2 h. The medium consisted of 80%
Dulbecco’s modified Eagle medium (DMEM)/F12 (Invitrogen, Carlsbad, CA), 20%
Knockout Serum Replacement (Invitrogen), 1 mM glutamine (Sigma, St. Louis, MQ), 0.1
mM 2-Mercaptoethanol (Sigma), 1% modified Eagle medium (MEM) non-essential amino
acids solution (Invitrogen) and 4 ng/mL basic fibroblast growth factor (B-FGF, Invitrogen).
Cells were cultured at 37 °C with 5% CO, and 100% humidity, and the medium was
changed daily. Cells were observed daily using a microscopy (TE2000-S, Nikon, Melville,
NY). Colonies with differentiated morphologies were removed with fire-thrown Pasteur
pipettes to ensure the undifferentiated expansion of hESCs. Passage of hESCs was achieved
through mild enzymatic dissociation of colonies with 1 mg/mL collagenase type IV (Gibco,
Gaithersburg, MD) for 5 min, followed by seeding on a fresh MEF layer.

2.2. hESC-derived MSCs

To simulate spontaneous differentiation, the hESCs were induced to form EBs [42,46].
Briefly, hESC colonies were dissociated into clumps through treatment with 1 mg/mL
collagenase type 1V for an extended duration of 10 min followed by scraping. The
dissociated hESC clumps were transferred to 25 cm? ultra-low attachment culture flasks
(Corning, Corning, NY) in EB formation medium, which consisted of DMEM (Invitrogen)
supplemented with 20% fetal bovine serum (FBS) defined (Invitrogen), 1 mM glutamine
(Sigma), 0.1 mM 2-Mercaptoethanol (Sigma), and 1% MEM non-essential amino acids
solution (Invitrogen). The culture medium was changed every 2 d. Initially, the hESC
clumps were largely composed of densely packed hESCs, creating simple EBs. After 4-5d
of suspension culture in the presence of an ultra-low attachment surface, the center of the
bodies became cavitated and the bodies began to accumulate fluid and turn into free floating
EBs (Fig. 1B). After 10 d, the EBs were transferred into six-well culture plates (Nunclon)
and cultured for an additional 10 d, while the cells sprouted and migrated out of the EBs
(Fig. 1C). Upon 70% confluence, the outgrowth cells were isolated by using cell scrapers
and subcultured at an initial cell density of 2x10* cells/cm? in MSC growth medium. The
MSC growth medium consisted of DMEM (Gibco) supplemented with 10% FBS (HyClone,
Logan, UT), 2mM L-glutamine (Gibco), 100 U/mL penicillin, and 100 mg/mL streptomycin
(Gibco) [42]. Examples of the differentiated cells thus obtained are shown in Fig. 1D. These
cells expressed surface markers characteristic of MSCs, as shown below. These hESC-
derived MSCs are referred to as hESCd-MSCs.
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As an initial examination on whether the cells sprouted from the EBs were MSCs, the cells
were cultured for 21 d in osteogenic medium, which consisted of the MSC growth medium
supplemented with 50 uM ascorbic acid-2-phosphate, 10 mM B-glycerophosphate, 100 nM
dexamethasone and 10 nM 1a,25-Dihydroxyvitamin (Sigma) [42]. Then the medium was
discarded, and the cells were fixed with citrate-acetone-formaldehyde fixative for 45
seconds, and then stained with an ALP staining solution (Sigma) which stains ALP into a
red color.

2.3. Flow cytometry of hESCd-MSCs

As a further examination on whether the cells sprouted from the EBs were MSCs,
expression of the cell surface antigen profile was characterized using flow cytometry
[42,46]. Passage 4 cells 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 1x108 cells in 50 L of cold PBS containing 1%
BSA. Cell samples were separately labeled on ice with optimal dilution of fluorescein
isothiocyanate (FITC)-conjugated monoclonal antibodies (mAbs, from Invitrogen, unless
otherwise noted) against CD29, CD31, CD34 (BD Pharmingen, San Jose, CA), CD44,
CD45, CD73, TRA-1-81, HLA-ABC, and HLA-DR, phycoerythrin (PE)-conjugated mAbs
against Oct3/4 and CD166, and Alexa Fluor 488 conjugated mAb against CD105 in the
dark. After 30 min incubation, cells were washed with cold PBS. 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, San. Jose, CA). Fluorescence histogram for each mAb was displayed
alongside the control antibody. The percentages of positive cells were subtracted from the
isotype control antibody of each conjugate.

2.4. hESCd-MSC encapsulation in alginate microbeads

Alginate was used for cell encapsulation because it is non-cytotoxic and can form an
ionically-crosslinked network under mild conditions without harming the cells. A 1.2%
(mass) sodium alginate solution was prepared by dissolving alginate (Mw = 75,000 to
220,000 g/mol, ProNova, Norway) in a 155 mM sodium chloride solution [50]. hESCd-
MSCs were encapsulated in alginate at a density of 1 million cells/mL [33]. Passage 4 cells
were used for all experiments. The alginate-cell solution was loaded into a syringe
connected to a bead-generating device (VarJ1, Nisco, Zurich, Switzerland). Sterile nitrogen
gas was fed to the gas inlet and a pressure of 10 psi was established to form a coaxial air
flow to break up the alginate droplets. The alginate droplets fell into a well of 200 mmol/L
calcium chloride solution, where the alginate crosslinked and formed microbeads [33,50].
This method produced fine alginate microbeads with a mean diameter of 207 um, suitable
for injection application in CPC paste as shown in a previous study [33].

2.5. CPC powder, liquid, and mannitol porogen

CPC powder consisted of an equimolar mixture of tetracalcium phosphate (Cas[PO4],0)
and dicalcium phosphate anhydrous (CaHPQ,). Chitosan is biodegradable and
osteoconductive, and can strengthen CPC and resist the washout of CPC paste in
physiological solution [31]. Hence, CPC liquid consisted of chitosan malate (Halosource,
Redmond, WA) mixed with water at a chitosan/(chitosan + water) of 15% by mass [31]. A
degradable fiber (Vicryl, Ethicon, Somerville, NJ), a copolymer of glycolic and lactic acids,
was cut into 3-mm filaments and mixed with CPC at a fiber volume fraction of 20% to
reinforce the CPC [33]. In addition, a porogen was used to increase the porosity of CPC.
Mannitol (CH,OH[CHOH]4,CH,OH, Sigma) was recrystallized in an ethanol/water solution
at 50/50 by volume, and ground and sieved through openings of 125 pm (bottom sieve) and
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250 um (top sieve). The mannitol powder was mixed with the CPC powder at a mannitol/
(CPC + mannitol) mass fraction of 30% [31].

2.6 Live/dead assay of encapsulated hECSd-MSCs

The CPC powder was mixed with chitosan liquid at (CPC power + fiber):liquid mass ratio
of 2:1 to form a flowable paste, which was then mixed with the prescribed amount of
mannitol porogen. First, 0.5 g of hESCd-MSC-encapsulating microbeads was placed at the
bottom of each well of a 12-well plate. Then, 0.5 g of CPC composite paste was placed on
top to cover the microbeads in each well. The CPC constructs were allowed to set at 37 °C
for 30 min. Then, 3 mL of osteogenic medium was added to each well to submerge the
construct. The medium was changed daily. After 1, 7, 14, and 21 d, the medium was
removed, the CPC was carefully broken, and the hESCd-MSC-encapsulating microbeads
were collected. Cells were live/dead stained for 30 min with 2 mL of PBS containing 2
pumol/L calcein-AM and 2 pmol/L ethidium homodimer-1 (Molecular Probes, Eugene, OR),
and then observed using epifluorescence microscopy (Eclipse TE-2000S, Nikon). The
percentage of live cells was measured as: P = N|_/ (N_ + Np), where N was the number of
live cells, and Np was the number of dead cells [33]. The live cell density was measured as:
D = N/A, where A was the area of the image where N; was measured.

2.7. Osteogenic gene expressions of encapsulated hECSd-MSCs

ALP and OC gene expressions were measured via quantitative real-time reverse
transcription polymerase chain reaction (QRT-PCR, 7900HT, Applied Biosystems, Foster
City, CA). The total cellular RNA of the cells were extracted with TRIzol reagent
(Invitrogen) and reverse-transcribed into cDNA using a High-Capacity cDNA Archive Kit.
TagMan gene expression assay Kits, including two pre-designed specific primers and probes,
were used to measure the transcript levels of the proposed genes on human ALP
(Hs00758162_m1), OC (Hs00609452_g1), and glyceraldehyde 3-phosphate
dehydrogenase(GAPDH, Hs99999905). Relative expression for each target gene was
evaluated using the 272ACt method [51]. C; values of target genes were normalized by the C;
of the TagMan human housekeeping gene GAPDH to obtain the AC; values. The C; value of
hESC-MSCs cultured on tissue culture polystyrene in the control medium for 1 d served as
the calibrator [33,52].

2.8. ALP protein activity of encapsulated hECSd-MSCs

ALP activity was measured using a colorimetric p-nitrophenyl phosphate (pNPP) assay
(Stanbio, Boerne, TX) [13,14,24,33]. After culturing the constructs for 1, 7, 14, and 21 d, the
culture medium was removed, the CPC was carefully broken, and the hESCd-MSC-
encapsulating microbeads were collected. The microbeads were dissolved by 55 mmol/L
sodium citrate tribasic solution (Sigma). A microplate reader (M5 SpectraMax, Molecular
Devices, Sunnyvale, CA) was used and the ALP activity was normalized by the DNA
content. DNA was quantified using a Quant-iT PicoGreen Kit (Invitrogen) [33,53].

2.9. Mineral synthesis by the encapsulated hESCd-MSCs

Minerals synthesized by cells in the microbeads in the constructs after 1, 7, 14 and 21 d in
osteogenic medium were stained with xylenol orange. Xylenol orange is a fluorescent probe
which chelates to calcium and stains mineral into a red color; it is not harmful to cells, and
staining can be performed on live cells [54]. After 1, 7, 14, and 21 d, the CPC was carefully
broken, and the hESCd-MSC-encapsulating microbeads were collected. Only the
microbeads were stained, and the CPC matrix was not stained. The mineral area percentage
was calculated as Ap/A, where Ay was the area of mineralization (red fluorescence), and A
was the total area of the image [33]. The area of mineral for each image was computed using
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NIS Elements imaging software (Nikon). In addition, two control groups were also
examined: (1) Microbeads without cell encapsulation, which were placed in CPC construct
for 1 d; (2) microbeads with cell encapsulation, which were cultured in tissue culture well
for 1 d and were never encased in CPC. These microbeads were then collected for xylenol
staining. The purpose of testing these controls was to eliminate the possibility that some
CPC had leached into the hydrogels and was being picked up in xylenol staining. Six
specimens were tested for each group (n = 6). Three randomly chosen fields of view were
photographed from each specimen for a total of 18 photos for each condition.

2.10. CPC composite scaffold porosity

3. Results

The CPC composite scaffolds were dried in a vacuum oven at 60 °C for 24 h. The dried
specimens were placed in the chamber of a porosimeter (PoreMaster 33, Quantachrome,
Boynton Beach, FL), which was then gradually filled with mercury up to a pressure of 210
MPa. The known chamber volume, mercury density and specimen weight enabled the
specimen’s volume, density and porosity to be calculated [31]. In addition, a scanning
electron microscope (SEM, FEI Quanta 200, Hillsboro, OR) was used to examine the pore
size and morphology in CPC specimens after being sputter-coated with gold.

One-way ANOVA was performed to detect significant effects of the variables. Tukey’s
multiple comparison tests were used at a p value of 0.05.

Fig. 1 shows phase-contrast images of hESC culture. An example of a hESC colony was
shown in (A) cultured on MEF feeder layer. Each hESC colony showed smooth edges that
were distinctive from the feeder cells. When the colonies were dissociated into clumps,
removed from MEF feeder and placed in suspension culture, the hESC clumps formed EBs,
with an example shown in (B). During further culture, cells with a fibroblast-like
morphology were observed to migrate out of the EBs (C). The outgrowth of cells sprouting
from EBs attached to the culture plate. These cells became relatively uniform in size and
shape after passage 3, with an example shown in (D). They had a similar morphology to
fibroblasts and mesenchymal-like cells.

To examine if the cells migrated out of the EBs were MSCs (example in D), two tests were
performed. First, the cells were cultured in growth medium or osteogenic medium for 21 d
and then stained for ALP. In Fig. 1E, cells in growth medium had no ALP staining. In
contrast, there was substantial ALP staining in the osteogenic medium in (F).

Second, flow cytometry analysis was performed (Fig. 2). MSC surface markers were
consistently and highly expressed. The MSC surface markers CD29, CD44, CD73, and
CD166 were expressed to levels > 99.4%. On the other hand, the expressions of
hematopoietic markers (CD31, CD34, CD45) were less than 1.5%. Furthermore, HLA-ABC
was expressed at 94.1%, whereas HLA-DR, TRA-1-81 and Oct3/4 were absent, which is
characteristic for MSCs.

Fig. 3 shows the viability of the hESCd-MSCs encapsulated in microbeads in CPC. Typical
live/dead images are shown in (A) and (B) at 1 d and 21 d, respectively. Live cells (green)
were numerous, and dead cells (red) were few. The percentage of live cells is plotted in (C),
which ranged from about 85% to 95%. The live cell density is plotted in (D), which is not
significantly different from each other (p > 0.1). These results indicate that the encapsulated
hESCd-MSCs maintained their viability and were not compromised in CPC from 1 to 21 d.
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The osteogenic gene expressions are plotted in Fig. 4 for the encapsulated hESCd-MSCs in
microbeads in CPC. In (A), the ALP expression was low at 1 d and 7 d, significantly (p <
0.05) increased at 14 d, and then greatly increased at 21 d. The ALP expression at 21 d was
nearly 25-fold that at 1 d. In (B), the OC expression showed a similar trend. The OC
expression at 21 d was two orders of magnitude that at 1 d.

The ALP activity measured via the colorimetric pNPP assay is plotted in Fig. 5. The DNA
was measured (mean + sd; n = 6) to be (29.6 £ 5.0) pg at 1 d, not significantly different from
(24.0£8.8) pgat 14 d, and (29.2 £ 6.4) pg at 21 d (p > 0.1). The ALP activity was low at 1
d, and significantly increased at 14 and 21 d (p < 0.05). These results indicate that the
hESCd-MSCs encapsulated in alginate microbeads in the CPC construct successfully
differentiated down the osteogenic lineage.

Fig. 6 shows results on mineral synthesis by the encapsulated hESC-MSCs in microbeads in
CPC. Xylenol orange stains the minerals into a red color. The mineralization area was
minimal at 1 d (A), and slightly increased at 7 d (B). There was much more mineral staining
at 14 d and 21 d (C). The percentage of mineralization area is plotted in (D). The mineral
synthesis by the encapsulated hESCd-MSCs at 21 d was 7-fold of that at 1 d. Representative
xylenol staining images for the two controls are shown in (E) and (F). Microbeads retrieved
from CPC construct without cells showed no red staining (F), indicating that the red staining
in A—-C was from the cells, and not from CPC. Microbeads with cells after 1 d in culture
well without CPC had red staining similar to that after 1 d in CPC, indicating that placing
the microbeads in CPC construct did not interfere with xylenol staining.

Since the porosity in CPC facilitates fluid circulation, the pores in CPC surfaces and cross-
sections were examined via SEM. Fig. 7A shows typical macropores in CPC in the shapes of
the entrapped mannitol particles. Examples of pore interconnection are shown in (B), where
arrows indicate the open connections in the bottom of the macropore. The pore volume
fraction of the CPC composite scaffold was measured (mean + sd; n = 6) to be (64 * 4)%.
The macropore sizes ranged from approximately 50 to 343 um, with an average pore size of
218 pm.

4. Discussion

The present study encapsulated hESCd-MSCs in alginate microbeads in macroporous CPC
and investigated cell viability, osteogenic differentiation and mineral synthesis for the first
time. A unique feature of this construct is its injectability. The present study focused on the
study of hESCs, EBs and MSCs, without measuring the injectability of the composite paste.
However, a previous study measured the injectability of the CPC composite paste with the
same composition including the same-sized microbeads and the same amount of fibers [33].
Under an injection force of about 40 N, the entire paste was readily extruded through a 10-
gauge needle similar to spinal needles used in the augmentation of osteoporotic vertebrae
and the management of vertebral compression fractures. Measuring the percentage of live
cells and the live cell density showed that the CPC mixing and injection process did not
harm the encapsulated stem cells [33]. Hence, it is expected that the hRESCd-MSCs in the
CPC construct could potentially be injected in minimally invasive surgeries. The paste could
also be placed into a bone cavity to yield intimate adaptation to complex-shaped defects
with irregularities. The paste could be contoured and shaped for esthetics, especially in
maxillofacial and cranial repairs, and then harden /n situ with the encapsulated hESCd-
MSCs to enhance bone regeneration.

Due to the exciting promise of hESCs for regenerative medicine applications, several studies
were performed to investigate the use of hESCs for bone engineering [16,41-48]. Three-
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dimensional poly(lactic-co-glycolic acid)/poly(L-lactic acid) polymer scaffold was used to
support and promote hESC growth and differentiation, which showed promise for creating
viable human tissue structures [40]. For cartilage tissue engineering, hESCs were cultured to
yield EB-derived MSCs, and compressive mechanical stimulus enhanced the expression of
cartilage-related markers [55]. For bone tissue engineering, osteogenic culture of hESCs
yielded large quantities of functional osteogenic cells with bone matrix formation and
mineralized collagen; cells were cultured on tissue culture plastic without a scaffold [41].
An /in vivo study showed that ESC-derived construct implanted orthotopically in critical-
sized cranial defects in rats successfully induced new bone formation; the cells were seeded
on ceramic particles [44]. Another study described an efficient method of deriving MSCs
from hESCs, by forming EBs first in suspension culture and then isolating the MSCs
sprouting from the EBs [42], whose method the present study followed. EB-derived MSCs
from human embryonic germ cells were differentiated to form mesenchymal tissues
including bone, cartilage and adipose tissue, using cell-laden hydrogels [16]. Another study
used poly(d,I-lactic-co-glycolic acid)/hydroxyapatite scaffolds seeded with hESC-derived
osteogenic cells for bone regeneration in animals [43]. Collagen scaffolds were seeded with
hESC-derived MSCs in immunocompromised mice, and these cells were capable of
regenerating bone in calvarial defects [46]. In addition, nano-fibrous scaffold was used to
seed hESCs for bone tissue engineering [47]. A recent study seeded hESC-derived
osteogenic cells with hydroxyapatite/tricalcium phosphate ceramic powder and transplanted
into immunocompromised mice showing an increased osteogenic potential [48]. While
hESCs have the potential as an unlimited source of stem cells which are highly potent for
regenerative medicine, only a small number of articles have been published on bone tissue
engineering via hESCs [16,41-48]. These previous studies cultured the cells on tissue
culture plates without a scaffold, or using ceramic particles, pre-fabricated polymer
scaffolds, hydrogels, collagen, and nanofiber scaffolds. There has been no report on hESC
encapsulation in CPC.

A difference between CPC and injectable polymers and hydrogels for cell encapsulation is
the load-bearing capability. Previous studies reported that the strength was 0.7 MPa for
injectable polymeric carriers for cell delivery [56], and 0.1 MPa for hydrogels [57,58]. The
elastic modulus was 8 MPa for an injectable polymeric carrier [56], and 0.1 MPa for
hydrogels [57,58]. These values are much lower than cancellous bone’s strength of 3-10
MPa [59], and elastic modulus of about 300 MPa [60]. These injectable polymeric and
hydrogel carriers are promising for tissue engineering in non-load-bearing locations.
However, it was concluded that “Hydrogel scaffolds ... do not possess the mechanical
strength to be used in load bearing applications” [61]. Mechanical properties are of crucial
importance for the regeneration of load-bearing tissues such as bone, to withstand stresses to
avoid scaffold fracture, and to maintain the structure to define the shape of the regenerated
tissue. In comparison, a previous study measured the mechanical properties of the injectable
CPC containing the same amount of microbeads and fibers as the present study, and reported
a flexural strength of 4 MPa and an elastic modulus of 680 GPa [33]. These values
approximated the strength and modulus of cancellous bone. Hence, the injectable stem cell-
encapsulating CPC construct is promising for a wide range of moderate load-bearing
orthopedic applications.

hESCd-MSCs encapsulated in microbeads in CPC maintained a good viability from 1 to 21
d. The percentage of live cells ranged from 85% to 95%, consistent with previous studies on
cell encapsulation [11,34,62]. The encapsulated cells did not proliferate and the live cell
density was constant from 1 to 21 d. This is also consistent with previous studies showing
that the encapsulated cells did not proliferate, which was because the cells were packed in
hydrogel and were contact-inhibited, hence cell proliferation became arrested [34,63]. After
mixing and placing the CPC paste, the set CPC is biocompatible and supports cell
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attachment and differentiation [33]. Hence, after CPC has set, the microbeads could degrade
inside CPC and release the cells to attach to CPC, while the microbead degradation could
create additional macropores. The alginate microbeads in the present study showed little
degradation in 21 d. It is desirable to use microbeads that can quickly degrade and release
the cells after the CPC scaffold has set. Further study should investigate hESCd-MSC
encapsulation in degradable microbeads, and examine cell release and proliferation inside
the macroporous CPC.

hESCd-MSCs in microbeads in CPC were successfully differentiated into the osteogenic
lineage, as confirmed by RT-PCR and ALP protein measurements as well as staining of
mineral synthesis by the cells. The cells had high ALP and OC gene expressions, consistent
with previous studies showing osteogenic differentiation of MSCs [52]. ALP and OC play
important roles in the osteogenic differentiation of hESC-derived MSCs [16,41,42,46]. ALP
is an enzyme expressed by MSCs during osteogenesis and is a well-defined marker for their
differentiation [13,14,41,52,64]. Using hESC-derived MSCs, the ALP of cells cultured in
osteogenic medium was 3-6 fold of the ALP without osteogenic supplements [41]. Another
study on hESC-derived MSCs showed that the differentiated cells had an ALP about 15-fold
of the ALP of undifferentiated cells [41]. Using human embryonic germ derived cells, the
ALP for differentiated cells was about 10-fold that for undifferentiated cells, the OC was
also increased by 10-fold for differentiated cells [16]. The osteogenic differentiation and
mineralization were shown at 14 to 21 d [16]. These results are consistent with the present
study on hESCd-MSCs, which showed that both ALP and OC gene expressions were
increased by 10-100 folds at 14 and 21 d, ALP activity at 21 d was 5-fold of the ALP at 1 d,
and mineralization at 21 d was 7-fold of that at 1 d. These results together demonstrate that
the encapsulated hESCd-MSCs in the CPC construct differentiated down the osteogenic
lineage and synthesized bone minerals. While hESCs are promising for bone regeneration
and serve as an alternative to autologous transplant especially for patients whose autologous
MSCs are not sufficient or potent, immune rejection remains a challenge. One potential
strategy to overcome the immunological rejection is to create stem cell banks comprising of
HLA-typed hESCs by providing HLA-matched (histocompatible) tissue for the target
population [65]. Further research is needed to address the immunological issues of hESCs.

The CPC composite scaffold had a porosity of 64%, with an average macropore size of 218
um. Previous studies reported that macropores of sizes of several hundred microns were
suitable for cell migration and tissue ingrowth [21]. The interconnected porosity helped
provide access to culture medium and contributed to the cell viability. CPC has an intrinsic
porosity of about 30-40% consisting of micron-sized micropores, due to the mixing of CPC
powder with a liquid containing water. However, without additional macropores, the
intrinsic CPC porosity was insufficient to provide the encapsulated cells with access to
culture medium. This was shown in a recent study, in which the percentage of live cells was
only about 50% inside CPC without macropores, and increased to 85% with the creation of
macropores in CPC [66]. The porosity of 64% for the CPC scaffold exceeded the reported
40% of porosity for a hydroxyapatite scaffold in a previous study [21]. In addition, it should
be mentioned that the CPC contained 20% of absorbable fibers with a diameter of 322 um
and a length of 3 mm (3000 um). These fibers could provide reinforcement for several
weeks, and then degrade and create additional cylindrical macropores in CPC [31]. The
porosity and pore interconnection of the CPC of the present study would be useful to enable
the circulation of physiological fluids and nutrients to enhance cell function. In addition,
CPC was resorbable and was replaced by new bone after 6 months [67] to 18 months [30].
CPC showed excellent soft tissue response, and demonstrated steadfast adherence to the
adjacent bone [68]. After 6 months, 12% to 25% by volume of CPC was resorbed /n vivo
[68]. After the scaffold was implanted /in vivo, the mechanical strength of the scaffold
increased over time when new bone started to grow into the macropores [69]. Therefore, it is

Acta Biomater. Author manuscript; available in PMC 2013 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tang et al.

Page 10

in the early stage of implantation when the macroporous implant is in the most need of
strength. Hence, the rationale of the absorbable fibers in CPC was to provide the needed
early strength, and then after significant new bone formation /n vivo, the fibers would
degrade and create additional macropores for continued tissue ingrowth. The creation of
these macropores in CPC, along with the observed good viability of the hESCd-MSCs, the
highly elevated ALP and OC and the synthesis of bone mineral, suggest the potential of this
novel construct for bone regeneration. Further study is needed to investigate bone formation
in an animal model via hESCd-MSCs delivered in an injectable and macroporous CPC
scaffold.

5. Conclusion

The present study developed hESCd-MSC-encapsulating hydrogel microbeads in
macroporous CPC construct and investigated osteogenic differentiation and mineral
synthesis for the first time. The cells that sprouted from the EBs showed surface markers
characteristic for MSCs. The encapsulated hESCd-MSCs maintained a good viability in the
construct from 1 d to 21 d. The ALP and OC gene expressions for the encapsulated hESCd-
MSCs were increased by 10-100 folds at 14 and 21 d. ALP activity at 21 d was 5-fold of the
ALP at 1 d, and mineralization at 21 d was 7-fold of that at 1 d. These results demonstrate
that the encapsulated hESCd-MSCs in the macroporous CPC construct differentiated down
the osteogenic lineage and synthesized bone minerals. The CPC scaffold had a porosity of
64% and macropore size of 218 um, which contributed to culture medium access and cell
viability. Potential benefits of the CPC-stem cell paste include its injectability, intimate
adaptation to irregularly-shaped bone defects, ease in contouring to achieve esthetics in
maxillofacial repairs, and /in situ setting capability. hESCs are exciting because of their
ability for rapid proliferation to provide an unlimited supply of stem cells, and this study
showed that these cells are suitable for delivery and differentiation in CPC. The hESCd-
MSC-encapsulating macroporous CPC construct is promising for bone regeneration in a
wide range of orthopedic and maxillofacial applications.
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Figure 1.
Phase-contrast images of hESC culture. (A) hESC colonies were cultured on MEF feeder

layer. (B) hESC colonies were dissociated into clumps, which formed EBs in suspension
culture. (C) In further culture of EBs, cells migrated out of the EBs. (D) The outgrowth of
cells had a morphology similar to MSCs (passage 3 shown in the example in D). (E, F)
Passage 4 cells were cultured in MSC growth medium or osteogenic medium for 21 d. Cells
in growth medium had no ALP staining (E). Cells in osteogenic medium had ALP staining
(F), where red color represents ALP-positive cells.

Acta Biomater. Author manuscript; available in PMC 2013 September 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Tang et al.

Page 16

4001 9971% | 4007 99 74% | 4007 99 51%
—_—
3007 3001 3001
3
(& ] - . -
=200 cp2o | 2 cpas| 2% cD73
O
1001 1007 1001
0 0 . ; . 0 . . :
10° 10" 102 10% 10¢ 10° 10" 102 10°® 10¢ 10° 10' 102 103 10¢
FL1-Height FL1-Height FL1-Height
4001 56.71%| 4007 09.49% | 4007 94 14%
— — —
o 3007 3001
3
(& ] - .
=200 cp1os | 200
O
1001 1007
0 0
10° 10" 102 10° 10¢ 10° 10" 102 10°® 10¢ 10° 10" 102 10° 10¢
FL1-Height FL2-Height FL1-Height
4007 1.30% | 4007 001% | 4007 1.06%
— P |
o 3007 3001 3001
3
(& ] - - -
£200 cpat | 200 200 D45
(@]
1001 1007 1001
0 0 0
10° 10" 102 10° 10¢ 10° 10" 102 10°® 10¢ 10° 10" 102 10° 10¢
FL1-Height FL1-Height FL1-Height
4007 0.03% | 4001 051% | 4007 0.50%
— | _
3001 3001
5
3 2001 2001
5 Tra-1-81
(@]
1001 100+
0 ———r—— 0
10 10" 102 10® 10¢ 10° 10' 102 10°® 10¢ 10° 10" 102 10% 10¢

Figure 2.
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Immunophenotyping of the hESCd-MSCs. Flow cytometry showed that hRESCd-MSCs
expressed a number of cell surface markers characteristic of MSCs, and were negative for
typical hematopoietic and endothelial cell markers. 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, CD45) were less than 1.5%.
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Figure 3.

Viability of hESCd-MSCs encapsulated in alginate microbeads in CPC construct. (A, B)
Typical live/dead images at 1 d and 21 d, respectively. Live cells (green) were numerous,
and dead cells (red) were few. (C) Percentage of live cells. (D) Live cell density. Each value
is mean = sd (n = 6). Values with dissimilar letters are significantly different from each
other (p < 0.05). These results indicate that the encapsulated hESCd-MSCs maintained their
viability from 1 to 21 d.
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Figure4.

Osteogenic gene expression of hESCd-MSCs in alginate microbeads in CPC measured by
RT-PCR: (A) Alkaline phosphatase (ALP), and (B) osteocalcin (OC) gene expressions. Each
value is mean % sd (n = 6). Values with dissimilar letters are different from each other (p <
0.05).
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Figure5.

ALP activity of hESCd-MSCs in alginate microbeads in CPC measured via a colorimetric
pNPP assay. Each value is mean £ sd (n = 6). Values with dissimilar letters are different
from each other (p < 0.05). These results indicate that the encapsulated hESCd-MSCs
successfully differentiated down the osteogenic lineage.
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Figure6.

Mineral synthesis by hESC-MSCs in hydrogel microbeads in CPC. Xylenol stained minerals
into a red color for (A—C) 1d, 7 d and 21 d, respectively. (D) The percentage of
mineralization area stained in red. Each value is mean * sd (n = 6). Values with dissimilar
letters are significantly different from each other (p < 0.05). Mineral synthesis by the
encapsulated hESCd-MSCs was increased by 7-fold in 21 d. (E) Microbeads with cell
encapsulation were cultured for 1 d in cell culture well without CPC. (F) Microbeads
without cells were placed in CPC for 1 d. The microbeads were then collected for xylenol
staining. These results confirmed that the red staining in A—C was from the cells and not
from CPC.
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Figure7.

SEM micrographs of the porosity in CPC scaffold. (A) After the dissolution of mannitol
porogen by immersion for 1 d, macropores in CPC were created in the shapes of the
entrapped mannitol particles. (B) Examples of pore interconnection, with arrows indicating
the open connections in the bottom of a macropore. The macropore size in CPC ranged from
approximately 50 to 343 um, with an average of 218 pm.
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