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Abstract

Human embryonic stem cells (hESCs) are an exciting cell source to offer an unlimited supply of
cells that can differentiate into all cell types for regenerative medicine applications. To date, there
has been no report on hESCs with calcium phosphate cement (CPC) scaffolds for bone
regeneration in vivo. The objectives of this study were to: (1) investigate hESCs for bone
regeneration in vivo in critical-sized cranial defects in rats; (2) determine the effects of cell
seeding and platelets in macroporous CPC on new bone and blood vessel formation. hESCs were
cultured to yield mesenchymal stem cells (MSCs), which underwent osteogenic differentiation.
Four groups were tested in rats: (1) CPC control without cells; (2) CPC with hESC-derived MSCs
(“CPC+hESC-MSC”); (3) CPC with hESC-MSCs and 30% human platelet concentrate (hPC)
(“CPC+hESC-MSC+30%hPC”); (4) CPC+hESC-MSC+50%hPC. In vitro, MSCs were derived
from embryoid bodies (EBs) of hESCs. Cells on CPC were differentiated into the osteogenic
lineage, with highly-elevated alkaline phosphatase (ALP) and osteocalcin (OC) expressions as

© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Correspondence: Dr. Hockin H. K. Xu, Professor, Director of Biomaterials & Tissue Engineering Division, Department of
Endodontics, Prosthodontics and Operative Dentistry, University of Maryland Dental School, Baltimore, MD 21201
(hxu@umaryland.edu). Dr. Chongyun Bao, Professor, West China College of Stomatology, Sichuan University, China
&cyba09933@yahoo.com._cn).

These two authors contributed equally.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liuetal. Page 2

well as mineralization. In vivo at 12 weeks, groups with hESC-MSCs and hPC had new bone 3-
times, and blood vessel density 2-times, those of CPC control. The new bone in the defects
contained osteocytes and blood vessels, and the new bone front was lined with osteoblasts. The
group with 30% hPC and hESC-MSCs had a blood vessel density that was 49% greater than the
hESC-MSC group without hPC, likely due to the various growth factors in the platelets enhancing
both new bone and blood vessel formation. In conclusion, hESCs are promising for bone tissue
engineering, and hPC can enhance new bone and blood vessel formation. Macroporous CPC with
hESC-MSCs and hPC may be useful for bone regeneration in craniofacial and orthopedic
applications.
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Calcium phosphate cement; Human embryonic stem cells; Human platelet concentration; Bone
regeneration; Athymic rats; Critical-sized cranial defect

1. Introduction

Reconstruction of massive bone defects is a challenging problem to orthopedic surgeons in
clinic. Although autografts are regarded as the gold-standard for filling bone defects, their
applications are greatly restricted by harvest limitation, donor-site morbidity and other
complications. Therefore, there is an urgent need for developing new bone substitutes to
avoid or minimize the demand for autologous bone grafts, especially in bridging massive
bone defects. Bone tissue engineering and regenerative medicine emerge as a promising
option [1-3]. A combination of three-dimensional scaffolds, stem cells, and growth factors
could orchestrate the bone regeneration process in a synergistic way [4-6]. Substantial
efforts have been made in this field yielding promising results [7-9]. A biocompatible
scaffold that mimics natural bone extracellular matrix plays a key role for successful
regeneration [10-12]. Due to their chemical and crystallographic similarities to the inorganic
components of bone matrix, calcium phosphate (CaP) biomaterials are useful for bone
repairs [13-20]. Among them, calcium phosphate cements are biocompatible and
osteoconductive, and can be resorbed and replaced by new bone [21-25]. The first calcium
phosphate cement (referred to as CPC) was comprised of tetracalcium phosphate (TTCP)
and dicalcium phosphate-anhydrous (DCPA) [21,26]. The CPC powder can be mixed with
an aqueous liquid to form a paste that can be sculpted during surgery to conform to the
defects, and the paste self-hardens to form resorbable hydroxyapatite [21,26]. Since then,
several other novel compositions of calcium phosphate cements were developed with bone
regeneration applications [22-25,28]. Recent studies on CPC focused on improving bone
formation by creating macropores, seeding stem cells and delivering growth factors [27-31].

Human embryonic stem cells (hESCs) are an exciting stem cell source that offer a high
potential for tissue regeneration due to the primitive nature of the cells [13,32-36]. In
addition, hESCs offer the ability for rapid proliferation to provide an unlimited supply of
stem cells for regenerative medicine applications. hESCs can differentiate into all bone
formation-related cells, such as mesenchymal cells [32-35], osteoblasts [36,37], endothelial
cells [38], and neurons [39]. hESCs with osteogenic differentiation can form human bone
after being implanted in bone defects or transplanted subcutaneously [33,36]. Several other
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reports also demonstrated bone formation via hESCs [13,40-44]. Recently, hESC-derived
mesenchymal stem cells (referred to as hESC-MSCs) were seeded on CPC scaffolds and
showed promising results in vitro [31,45]. However, there has been no report on the use of
hESCs with CPC for in vivo bone regeneration.

Besides scaffolds and stem cells, growth factors are also important for tissue engineering.
Platelet-rich plasma (PRP) is an autologous blood-derived product, with platelet-derived
growth factors to aid osteogenesis and bone formation [46,47]. In a study on rat bone
marrow stromal cell differentiation, the addition of platelets enhanced the expression of
vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) [48].
VEGF and PDGF are important for recruiting endothelial cells in vivo to start the
angiogenesis process [48]. Platelets could also help recruit MSCs to the altered vascular wall
and enhance biological functions of MSCs [49]. Thus, platelets may represent an important
bridging mechanism of recruiting endothelial cells and MSCs. However, the benefit of PRP
has not been consistently reported; for example, two reports found no significant difference
in bone formation using BMSC-seeded calcium-deficient hydroxyapatite scaffold with or
without PRP [50,51]. In addition, the use of platelets with hESCs and CPC has not been
investigated.

Therefore, the objectives of this study were to: (1) investigate hESCs for bone regeneration
in vivo in critical-sized cranial defects in rats; (2) determine the effects of cell seeding and
platelets in macroporous CPC scaffold on new bone and blood vessel formation. The
following hypotheses were tested: (1) hESC-MSCs seeded in CPC scaffold would generate
much more bone and blood vessels than CPC control without cell seeding; (2) the addition
of platelets in hESC-MSC-seeded CPC construct would generate more new bone and higher
blood vessel density than hESC-MSC-seeded CPC without platelets.

2. Materials and methods

2.1. hESC culture and MSC derivation

The use of hESCs (H9, Wicell, Madison, WI) was approved by the University of Maryland
Institutional Review Board and followed the Wicell protocol. hESCs were cultured to form
three-dimensional cell aggregates called embryoid bodies (EBs), and MSCs were then
migrated out of the EBs [13,31,33,41,45]. First, undifferentiated hESCs at passage 36 were
cultured as colonies on a feeder layer of mitotically inactivated murine embryonic
fibroblasts (MEF). Aggregates of undifferentiated hESCs were dissociated into clumps of
approximately 0.5 mm in diameter and cultured on 25 cm? ultra-low attachment culture
flasks (Corning, Corning, NY) to form hESC-EBs. The EB medium consisted of high
glucose Dulbecco’s modified Eagle medium (DMEM) (Invitrogen, Carlsbad, CA)
supplemented with 20% embryonic stem cell-qualified fetal bovine serum (FBS) (catalog
number 16141, Invitrogen) which was specially tested for the ability to sustain
undifferentiated cellular morphology of embryonic stem cells, 1 mM glutamine (Sigma, St.
Louis, MO), 0.1 mM 2-mercaptoethanol (Sigma) and 1% MEM non-essential amino acids
solution (Invitrogen). Then, hESC-EBs were transferred into six-well plates (Nunclon A
Surface, Nunc, Rochester, NY) for further culture, and cells were sprouted and migrated out
of the EBs spontaneously. These outgrowth cells were isolated by using cell scrapers and
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cultured in MSC growth medium, which consisted of DMEM (Gibco, Gaithersburg, MD)
supplemented with 10% FBS (HyClone, Logan, UT), 2 mM L-glutamine (Gibco), 100
U/mL penicillin, and 100 mg/mL streptomycin (Gibco) of DMEM (Gibco). These cells were
characterized in our previous studies via flow cytometry, and the MSC surface markers were
consistently and highly expressed [31,45]. 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 [31,45]. The derivation of MSCs from hESCs was consistent with
previous studies [13,41].

2.2. Development of macroporous CPC scaffold

The CPC powder consisted of an equimolar mixture of TTCP (Cay [PO4],0) and DCPA
(CaHPQy,) [26]. TTCP was synthesized using DCPA and calcium carbonate (both from J.T.
Baker, Philipsburg, NJ) which were mixed and heated at 1500 °C for 6 h in a furnace
(Model 51333, Lindberg, Watertown, WI). The heated mixture was quenched to room
temperature in a desicator, ground in a ball mill (Retsch PM4, Brinkman, NY) and sieved to
obtain TTCP powder with a median particle size of 17 um. The commercial DCPA powder
was ground for 24 h in the ball mill in 95 % ethanol and sieved to obtain a median particle
size of approximately 1 um. Then the TTCP and DCPA powders at 1:1 molar ratio were
thoroughly mixed in a micromill (Bel-Alert Products, Pequannock, NJ) to form the CPC
powder [21,26,52]. Rod-shaped, water-soluble mannitol crystals were used as porogen to
produce macropores in CPC [27,52]. Mannitol particles (CH,OH[CHOH]4CH,0H, Sigma)
with sizes of 125 um to 250 pm were mixed with CPC powder at a mannitol powder/(CPC
powder + mannitol powder) = 40% by mass, following previous studies [27,52]. A 0.25
mol/L sodium phosphate solution (Na;HPO,) solution was used as the CPC liquid for fast-
setting [52]. The powder/liquid mass ratio was 2:1, and the mixed paste was placed into a
mold with a diameter of 8 mm and a thickness of 1 mm [53]. The specimen was incubated in
a humidor at 37 °C for 4 h, then demolded and immersed in water at 37 °C for 20 h. In this
process, mannitol particles were dissolved and macropores were created in CPC [52]. To
measure the porosity, CPC specimens were dried in a vacuum oven (Model DP-21,
American Scientific Products, McGaw Park, IL) at 60 °C for 24 h. The density was
measured using specimen weight divided by specimen volume, following a previous study
[52]. The volume was calculated by the specimen dimensions measured with a micrometer,
with each dimension the average of three locations for each specimen. The porosity was
estimated as: P = (dya — dcpc)/dya, Where dya is the density of fully-dense hydroxyapatite
(3.14 g/cm?3) [52], and dcpc is the measured CPC density.

2.3. hESC-MSC seeding on macroporous CPC scaffold

CPC scaffolds were sterilized in an ethylene oxide sterilizer (Andersen, Haw River, NC) for
12 h and incubated with culture medium for 3 h prior to cell seeding. Passage 3 hESC-MSCs
were used for the experiments of this study. A density of 1.5 x 10° cells were seeded into
each well containing a CPC scaffold disk with 2 mL osteogenic medium in a 24-well plate.
The osteogenic medium consisted of the growth medium plus 100 nM dexamethasone, 10
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mM B-glycerophosphate, 0.05 mM ascorbic acid, and 10 nM 1a,25-Dihydroxyvitamin
(Sigma) [3,31,45].

After culturing in the osteogenic medium for 1, 4, 7 or 14 d, the hESC-MSCs on CPC
scaffold were stained using a live/dead viability kit (Molecular Probes, Eugene, OR) and
viewed via epifluorescence microscopy (TE2000-S, Nikon, Melville, NY). The percentage
of live cells was measured as: L = number of live cells/(number of live cells + number of
dead cells). The live cell density was measured as: D = number of live cells in the image/the
image area [27,53]. Three randomly-chosen fields of view were photographed for each
specimen. Five specimens of each group (n = 5) yielded 15 images for each time point. In
addition, scanning electron microscopy (SEM, Quanta 200, FEI, Hillsboro, OR) was used to
examine the CPC scaffold without cells and with cell seeding after 7 d of culture.

2.4, Osteogenic gene expressions of hESC-MSCs on CPC

Quantitative real-time reverse transcription polymerase chain reaction (QRT-PCR, 7900HT,
Applied Biosystems, Foster City, CA) method was used to measure the osteogenic
differentiation of hESC-MSCs on CPC scaffold. After 1, 4, 7 and 14 d of culturing in
osteogenic medium, the total cellular RNA on the scaffold was extracted with TRIzol
reagent (Invitrogen), and reverse-transcribed into cDNA using a High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems) in a thermal-cycler (GenAmp PCR 2720,
Applied Biosystems). 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 alkaline phosphatase (ALP, Hs00758162_ml, RefSeq NM_000478.4, assay
location: 1120, amplicon length: 84; RefSeq NM_001127501.2, assay location: 955,
amplicon length: 84; RefSeq NM_001177520.1, assay location: 839, amplicon length: 84),
osteocalcin (OC, Hs00609452 g1, RefSeq NM_199173.4, assay location: 178, amplicon
length: 74), Runt-related transcription factor 2 (Runx2, Hs00231692_ml, RefSeq
NM_001015051.3, assay location: 900, amplicon length: 116; RefSeq NM_001024630.3,
assay location: 900, amplicon length: 116; RefSeq NM_001278478.1, assay location: 648,
amplicon length: 116), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH,
Hs99999905, RefSeq NM_002046.4, assay location: 229, amplicon length: 122) [29,31].
Relative expression level for each target gene was evaluated using the 2-AAC; method [54].
The C; of hHESC-MSC:s cultured on CPC for 1 d served as the calibrator. The C; values of
target genes were normalized by the C; values of the human housekeeping gene GAPDH to
obtain the AC; values [29,31,55].

2.5. Mineral synthesis by hESC-MSCs on CPC in vitro

After 1, 4, 7 and 14 d, hESC-MSCs on CPC were fixed with 10% formaldehyde and stained
with Alizarin Red S (ARS, Millipore, Billerica, MA). The ARS 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 at OD4os5, following the manufacturer’s
instructions [53]. The ARS standard curve was constructed with known concentration of the
dye [53]. CPC disks without cells served as control, and were immersed and measured in the
same manner. The control’s ARS concentration was subtracted from the ARS concentration
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of disks with cells to yield the net mineral concentration synthesized by cells, following
previous studies [53].

2.6. In vivo animal experiment and surgical procedures

hESC-MSCs were seeded on CPC scaffold disks and cultured in osteogenic medium for 14
d as described above. Then the cell-seeded scaffolds were taken out of the medium, and
incubated in 500 pL osteogenic medium with the addition of human platelet concentrate
(hPC, at 1.2 x 106 platelets per uL, Biological Specialty, Colmar, PA) for 1 hour. The hPC
was activated using 25 pL of 10% calcium chloride, which formed a soft gel film binding to
and covering the scaffold disk. This scaffold construct was then implanted in vivo. Three
hPC concentrations were tested: 0% (osteogenic medium with no hPC), 30% hPC in
osteogenic medium (0.36 x 10° platelets/uL), and 50% hPC in medium (0.6 x 108 platelets/
UL). Four groups were tested in rats:

i. CPC scaffold control disks without cells;

ii. CPC seeded with hESC-MSCs (referred to as “CPC+hESC-MSC” group);

iii. CPC seeded with hESC-MSCs and 30% hPC (“CPC+hESC-MSC+30%hPC”);
iv. CPC seeded with hESC-MSCs and 50% hPC (“CPC+hESC-MSC+50%hPC").

Twenty-four athymic nude rats (200-250 g, Harlan, Indianapolis, IN) were used, with six
rats for each group (n = 6). The critical-sized cranial defect model in rats [2,9] was approved
by the University of Maryland Baltimore (IACUC # 0909014) [53]. All procedures
involving animals followed NIH animal care guidelines. The rats were anesthetized by
intraperitoneal injection of a combination of 75 mg/kg body-weight of ketamine and 10
mg/kg of xylazine [53]. An approximately 2 cm mid-longitudinal incision was made on the
dorsal surface of the cranium. The periosteum of cranium was completely cleared off. An 8-
mm circular bone defect was created with a trephine bur, and the full thickness of cranial
bone was removed under constant irrigation with sterile saline [2]. A CPC disk was placed
in the defect and the incision was closed using 4-0 resorbable sutures. For the cell-seeded
groups, the cell-seeded surface of the scaffold was implanted in contact with the dura of the
rats [53]. After 12 weeks of implantation, the rats were sacrificed with carbon monoxide.
Specimens were fixed in 10% zinc-buffered formalin and then analyzed [53].

2.7. Histomorphometric analysis

Specimens were processed for decalcification in 30% buffered formic acid for 7 d at room
temperature [53]. After dehydration and clearing, the specimens were embedded in paraffin
and the central part of the implant and defect was cut into 5 um thick sections. The sections
were stained with hematoxylin and eosin (H&E). Image Pro Plus Software (Media
Cybernetics, Carlsbad, CA) was used to examine the histological images. The perimeter
around the new bone was traced, and the area of the new bone was measured by the
software. New bone area fraction was calculated as the new bone area in the defect divided
by the entire defect area. Blood vessels were identified by their luminal structure and the
presence of red blood cells within their boundaries. The new vessel density was determined
by the number of blood vessels in the defect area divided by the entire defect area [53]. One
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section from the central part of the implant for each rat was analyzed and the average value
of each group (n = 6) was obtained for each group.

2.8. Statistical analysis

3. Results

Statistical analyses were performed using Statistical Package for the Social Sciences (SPSS
16.0, Chicago, IL). Levene test was first performed to confirm that the normality and equal
variance assumptions of the data were not violated. Statistical significance was assessed by
using one-way analysis of variance (ANOVA) followed by post-hoc LSD (least significant
difference) tests. A confidence level of 95% (p < 0.05) was considered to be statistically
significant.

Fig. 1(A-D) show representative SEM images of CPC scaffold before cell seeding.
Examination of the specimens indicated that the pores from mannitol dissolution had sizes
ranging from about 100 pum to 300 um. Smaller pores of about 1 pm to 50 um were also
present. The pores appeared to be well-formed in the shapes of the entrapped mannitol
crystals. Arrows in Fig. 1(A-D) indicate fenestrations in the pore walls and bottoms leading
to the next pores, indicating pore interconnection. Fig. 1E shows a typical image of hESC-
MSCs seeded on CPC scaffold at an intermediate 7 d. The cells appeared to be well attached
to CPC surface, with a spreading morphology and long cytoplasmic extensions. Arrows in
(E) indicate the approximate boundary of a macropore in CPC, which received infiltration of
numerous cells.

Fig. 2A-D shows representative live/dead images of hESC-MSCs on CPC scaffolds cultured
in osteogenic medium for 1, 4, 7 and 14 d, respectively. The live cell density increased with
time on CPC due to proliferation. The percentages of live cells were approximately 80-90%
(E). The live cell density (F) increased more than 6-fold from 1 to 14 d. These results
indicate that hESC-MSCs exhibited good viability and compatibility with CPC scaffold.

The osteogenic differentiation and mineral synthesis results in vitro are plotted in Fig. 3. The
RT-PCR results on gene expressions of ALP, OC and Runx2 are shown in (A-C). The
osteogenic gene expressions increased with time, and the 14 d values were 6 to 25 folds of
those at 1 d (p < 0.001). Results on hESC-MSC-synthesized minerals measured by the
osteogenesis assay are plotted in (D). The mineral synthesis by hESC-MSCs increased by 5-
fold from 4 to 14 d (p < 0.001). The minerals synthesized by the hESC-MSCs were stained
red by ARS staining, with examples shown in (E). The ARS staining of the cell-synthesized
bone matrix materials became thicker and darker form 4 to 14 d, indicating that the mineral
synthesis increased with time, consistent with the results in (D).

During the implantation of 12 weeks, all animals survived. They appeared normal and
healthy, with no evidence of infection. Representative H&E images are shown in Fig. 4.
Mineralized new bone was observed in all groups. Examination of all samples indicated that
there was more new bone in the groups with hESC-MSCs than CPC control without cells.
There was more new bone when hPC was used compared to that without hPC. Arrows
indicate new bone. In each sample, while there was more new bone around the peripheral
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sides of CPC scaffold, there was also new bone inside the CPC, indicating new bone
ingrowth into the scaffolds. An example in (D) shows that the new bone not only extended
across the entire dura side of the scaffold, but also grew into the interior of the CPC scaffold
throughout the entire defect.

New bone formation in the defects could be seen by the appearance of osteoid with
osteocytes and blood vessels, and with the newly-formed bone being lined by osteoblasts.
The presence of osteocytes indicated the maturing of the new bone. Typical examples of
these features are shown in Fig. 5A. The calcified new bone area had a more dark-red
staining and a densely-organized matrix. The uncalcified new bone matrix had a light red
staining and a loosely-structured matrix, which could become calcified over time in vivo.
Examples of these areas are shown in (B).

Quantitative histomorphometric results are plotted in Fig. 6. Seeding hESC-MSCs to CPC
scaffold generated more new bone than CPC control (p = 0.002). Adding 30% hPC to the
CPC-hESC-MSC construct further increased new bone generation (p = 0.021). However,
adding 50% hPC yielded results similar to those of 30% hPC (p = 0.075). The groups with
hESC-MSCs and hPC had calcified new bone 3-fold, and blood vessel density around 2-fold
those of CPC control.

4. Discussion

The present study investigated hESC-MSCs seeded on CPC scaffold for bone regeneration
in rats in vivo for the first time. The results showed that hESC-MSCs attached well to CPC
and had good proliferation and osteogenic differentiation. Groups with hESC-MSC seeding
had much more new bone formation and blood vessel density in vivo than CPC control
without cells. Adding hPC further significantly increased bone regeneration and blood
vessel density than that without hPC. These results indicate that hESCs are promising for
bone tissue engineering applications, and macroporous CPC scaffolds can be used to deliver
hESC-MSCs with hPC to enhance bone regeneration.

ALP is a well-defined marker for osteogenic differentiation and expressed in the early stage
of MSC osteogenesis, and its upregulation is considered a prerequisite for mineralization
and subsequent maturing of bone [55]. OC and Runx2 also played key roles in the
osteogenic differentiation of hESC-MSCs in previous studies [13,41]. In the present study,
ALP, OC and Runx2 gene expressions were all highly upregulated for RESC-MSCs on CPC
scaffold, suggesting that the hESC-MSCs successfully differentiated into the osteogenic
lineage. This was corroborated with ARS staining and mineral synthesis by the cells in vitro.
These results were consistent with previous studies on hESC-MSC seeding on CPC
materials [31,45], and demonstrated that CPC could be a promising scaffold for hESC-
MSC-based bone tissue engineering. However, the previous CPC scaffolds with hESC-
MSCs were tested in vitro, with no in vivo results.

Several studies were performed to investigate hESCs for in vivo bone engineering
[13,37,40-44]. However, there has been no report on hESC seeding with CPC for in vivo
bone regeneration. In the present study, the hESC-MSC group generated new bone that was
2-fold that of CPC control, demonstrating the contribution of hESC-MSCs to bone
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formation. The group with hESC-MSCs and 50% hPC generated new bone that was 3-fold
that of CPC control. It is interesting to compare the enhancement of new bone via hESC-
MSCs with human bone marrow mesenchymal stem cells (hBMSC). A previous study
indicated that hBMSCs seeded on tripeptide arginyl-glycyl-aspartic acid (RGD)-grafted
CPC scaffold achieved a new bone fraction of 24.9% at 12 weeks with the same cranial
defect model in rats [53]. This value is consistent with the new bone amount generated by
hESC-MSCs in the present study.

Platelet-rich plasma (PRP) is an autologous and easily isolated blood-derived product. PRP
has benefits to be used with biomaterials for bone tissue engineering, because PRP could
enhance tissue healing at the cellular level via the recruitment, proliferation and
differentiation of cells [47-49,56]. There were reports on the combination of scaffold, stem
cells and PRP for in vivo bone tissue engineering, for example, in comparing scaffold alone
with scaffold plus stem cells plus PRP [57,58]. Two reports compared BMSC-seeded
scaffold with BMSC-seeded scaffold plus PRP, and there was no enhancement in tissue
regeneration via PRP in this system [50,51]. However, another report indicated that PRP
combined with scaffold and BMSCs generated more new bone than BMSCs with scaffold
without PRP [59]. Therefore, the effect of PRP on bone regeneration had contradictory
results in previous studies; hence the PRP effect requires further study. Furthermore, there
has been no report on the use of PRP with hESC-MSCs in CPC scaffold.

In addition, different PRP concentrations used for bone formation also showed conflicting
results [60-62]. If the PRP concentrations were too high or too low, then the use of PRP was
not beneficial, or even disadvantageous, for cell-based bone regeneration [63,64]. A study
reported that the cells had the highest proliferation when using 30% platelet concentration
(with a platelet concentration of 0.33 x 10° platelets per L), while higher concentrations
yielded less cell growth and decreased cell viability and proliferation [63]. This may be
because the presence of substantial amounts of plasma in the platelet concentrate suppressed
the cellular viability and proliferation, since plasma was shown to decrease the viability and
proliferation of cells [63]. In the present study, CPC-hESC-MSCs were combined with hPC
to enhance bone regeneration. Two hPC concentrations of 30% (0.36 x 106/uL) and 50%
(0.6 x 10%/uL) were tested based on previous studies. The results showed that both 30% and
50% hPC with CPC-hESC-MSCs had more new bone than CPC+hESC-MSC without hPC.
Therefore, hPC was beneficial for hESC-MSCs in CPC for bone regeneration. However,
there was no difference between 30% and 50% hPC. Two reasons likely contributed to this:
(1) both 30% hPC and 50% hPC can increase cell viability and proliferation, but such
increase may have been plateaued after 30% hPC; (2) while a higher hPC concentration may
provide more growth factors to enhance cell differentiation and tissue formation, a higher
hPC concentration may reduce cell growth and proliferation due to an increased amount of
plasma [63].

Platelets contain a variety of growth factors, including transforming growth factors, platelet-
derived growth factor (PDGF), insulin-like growth factor (IGF), epidermal growth factor
(EGF), and epithelial cell growth factor (ECGF). These growth factors were reported to help
induce bone formation or promote bone regeneration [65,66]. Angiopoietin-2 (Ang-2),
platelet-derived endothelial cell growth factor (PDECGF), thrombospondin-1 and vascular
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endothelial growth factor (VEGF) were all shown to be involved in bone regeneration
[65,66]. In addition, these platelet factors were also critically important for angiogenesis.
Angiogenesis helps deliver oxygen and nutrients to the cells and ensure the survival and
function of the implanted and recruited cells, thus plays a key role in bone tissue engineering
[12]. In the present study, the group with 30% hPC had a blood vessel density of 30.9
vessels/mm?, while the hESC-MSC group without hPC had 20.8 vessels/mm?2. Therefore,
the hPC delivery enhanced angiogenesis by 49% compared to the hESC-MSC group without
hPC. This result was consistent with a previous report showing a 33.3% increase in vessel
number compared to BMSC-seeded scaffold group without platelets [51]. In addition, the
present study showed that the CPC+hESC-MSC group (no hPC) generated more blood
vessels than the CPC control group without cells. This enhancement may be a contribution
of the seeded hESC-MSCs, as CPC+hESC-MSCs clearly had more new bone and blood
vessels than CPC control. Furthermore, previous studies showed that angiogenesis was
positively correlated with bone formation rate [67,68]. This is consistent with the present
study, which showed that the groups that generated a higher blood vessel density also had
greater new bone formation. Another point that should be noted is that the periosteum was
removed in this animal model, which is a more vigorous and strict test for the scaffold
construct to regenerate new bone without the help from the periosteum. The removal of the
periosteum followed previous investigators’ protocols in animal studies [69-71].

The use of hESCs or their derivatives has several advantages over adult stem cells. First,
hESCs possess robust proliferation and indefinite self-renewal ability to produce unlimited
amounts of stem cells for tissue regeneration, compared to the limited proliferation of adult
stem cells, especially for adult stem cells of patients with diseases or disorders. Second, the
ability of hESCs to differentiate into all types of cells for the three germ layers is far
superior to the lineage-specific differentiation of adult stem cells [72]. Therefore, the
derivation of osteogenic cells from hESCs represents a potent alternative to adult stem cells
for bone regeneration. However, the application of hESCs is restricted by ethical concerns,
risks of teratoma formation and possible immune rejection. Patient-specific human induced
pluripotent stem cells (hiPSCs) with similar proliferation and differentiation ability as
hESCs have the potential to overcome some of these hurdles. Therefore, even if the
therapeutic application of hESCs in the clinical arena has hurdles, the research findings on
hESCs have transferable value to hiPSCs [73]. This is the first study investigating the repair
of critical-sized bone defects by hESC-MSC-CPC constructs. It demonstrated the promise of
hESC-MSC-CPC constructs for bone regeneration and the benefit of co-delivering hPC.
However, bone regeneration efficiency can be further increased through efforts to accelerate
resorption of the scaffold and to manipulate stem cell-microenvironment interactions.
Further study is needed to investigate in these directions and also to test if the beneficial
bone regeneration and blood vessel formation in rats can be similarly achieved in larger
defects using a larger animal model.

5. Conclusions

The present study showed the promise of using hESCs for bone regeneration in vivo. hESC-
MSCs were seeded on macropores CPC scaffolds with hPC delivery, and the constructs
successfully generated new bone and blood vessels in cranial defects in rats. The groups
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with hESC-MSCs and hPC had calcified new bone amount 3-times, and blood vessel density
2-times, those of CPC control. The new bone formed in the defect contained osteocytes and
blood vessels, and the new bone front was lined with osteoblasts. The group with 30% hPC
had a blood vessel density that was 49% greater than the counterpart without hPC, likely due
to the various growth factors in the platelets enhancing both new bone and blood vessel
formation. These results support the use of hESCs for regenerative medicine applications,
and demonstrate the promise of hESC-MSC seeded CPC constructs with hPC co-delivery
for bone tissue engineering.
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Figure 1.
Typical SEM images of CPC scaffolds: (A-D) before cell seeding, and (E) after hESC-MSC

seeding and culturing for 7 d. Mannitol porogen dissolution in CPC created macropores in
CPC. The pore volume fraction P of CPC was measured (mean * sd; n = 5) to be (76 + 3)%.
Arrows in (A-D) indicate openings in the macropore walls and bottoms leading to the next
macropores, indicating pore interconnection. The arrows in (E) indicate the approximate
boundary of a macropore in CPC. Cells attached well to CPC and infiltrated into pores.
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Figure 2.
Representative live/dead images of hESC-MSCs on CPC scaffolds cultured in osteogenic

medium for (A) 1 d, (B) 4d, (C) 7 d, and (d) 14 d. Live cells were stained green and dead
cells were stained red. (E) Percentages of live cells (mean £ sd; n = 6), and (F) live cell
density. In each plot, values with dissimilar letters are significantly different from each other
(p <0.05).
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Figure 3.
Osteogenic differentiation of hRESC-MSCs on CPC scaffolds (mean + sd; n = 6). (A)

Alkaline phosphatase (ALP) (F value = 34.145), (B) osteocalcin (OC) (F = 63.979), and (C)
Runt-related transcription factor 2 (Runx2) gene expressions (F = 42.815). The C; of hESC-
MSCs cultured on CPC for 1 d served as the calibrator. (D) hESC-MSC-synthesized
minerals (F = 58.727). (E) Representative photos of hESC-MSC-synthesized minerals
stained red by ARS staining. Values with dissimilar letters are significantly different from
each other (p < 0.05).
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Figure 4.
Typical H&E images of the cross-sections of the critical-sized cranial defects in rats at 12

weeks. (A) CPC scaffold control without cells; (B) CPC seeded with hESC-MSCs (referred
to as “CPC+hESC-MSC”; (C) CPC+hESC-MSC+30%hPC; and (D) CPC+hESC-MSC
+50%hPC. Arrows indicate areas of new bone. There was more new bone in the groups with
hESC-MSCs than CPC control without cells. There was more new bone when hPC was
used, compared to that without hPC. The dark purple and white areas are residual CPC (the
white areas were due to detachment of CPC during sample preparation). The dark purple
staining of CPC was caused by incomplete decalcification in the CPC blocks during sample
preparation.
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Figure 5.
High magnification H&E images. (A) New bone grew in the interior of CPC scaffold and

was maturing as indicated by osteocytes and blood vessels. (B) Both calcified new bone and
uncalcified new bone matrix were observed. Examples are shown for CPC+hESC-MSC
+50%hPC; similar features were observed in other groups. The calcified new bone had a
dark-red staining and a densely-organized matrix, with an example indicated by the blue
line. The uncalcified tissue had a light-red staining with a loosely-structured matrix and was
destined to be calcified over time in vivo, with an example indicated by the green line.
Osteoclast-like multinuclear giant cells are encircled by light blue lines in both (A) and (B).
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Figure 6.
Quantitative tissue regeneration results for critical-sized cranial defects in rats at 12 weeks

(mean £ sd; n = 6): (A) Calcified new bone area fraction (F = 22.537), (B) new blood vessel
density (F = 23.427). In each plot, values with dissimilar letters are significantly different
from each other (p < 0.05). The groups seeded with hESC-MSCs and hPC had calcified new
bone 3-fold, and blood vessel density 2-fold, those of CPC control.
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