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Abstract

Pluripotent stem cell aggregates offer an attractive approach to emulate embryonic morphogenesis
and skeletal development. Calcium phosphate (CaP) based biomaterials have been shown to
promote bone healing due to their osteoconductive and potential osteoinductive properties. In this
study, we hypothesized that incorporation of CaP-coated hydroxyapatite mineral particles (MPs)
within murine embryonic stem cell (ESC) aggregates could promote osteo-chondrogenic
differentiation. Our results demonstrated that MP alone dose-dependently promoted the gene
expression of chondrogenic and early osteogenic markers. In combination with soluble
osteoinductive cues, MPs enhanced the hypertrophic and osteogenic phenotype, and
mineralization of ESC aggregates. Additionally, MPs dose-dependently reduced ESC pluripotency
and thereby decreased the size of teratomas derived from MP-incorporated ESC aggregates /n
vivo. Our data suggested a novel yet simple means of using mineral particles to control stem cell
fate and create an osteochondral niche for skeletal tissue engineering applications.
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1. Introduction

Pluripotent stem cells (PSCs) can differentiate into all mesodermal cell types including
chondrocytes and osteoblasts, therefore representing a powerful resource for the regenerative
therapy of skeletal defects and degeneration [1-5]. The successful application of PSCs
primarily depends on their direct differentiation into specific lineages, which are both
governed by biochemical and biophysical cues [6-8]. Osteo-chondrogenic lineage-specific
differentiation of stem cells is commonly controlled by supplementing culture media with
osteoinductive factors including p-glycerophosphate (3-GP), ascorbic acid, dexamethasone,
and/or growth factors such as vitamin D3, transform growth factor s (TGFps), and bone
morphogenetic proteins (BMPs) [3, 5, 9, 10]. Alternatively, the morphogenic
microenvironment of stem cells can also be engineered via the intrinsic physical properties
of biomaterials [11]. The surface chemistry, topography, and stiffness of biomaterials can
provide dynamic multiparametric control to instruct emergent cellular behaviors and
modulate chondrogenic and osteogenic differentiation [12-15].

Calcium phosphate (CaP)-based biomaterials have been widely employed as bone graft
substitutes for dental and bone implants and commonly used for coating metallic implants
[16-18]. Recent studies have demonstrated that osteogenic differentiation of adult stem cells,
PSC-derived mesenchymal stem cells, and PSCs can be achieved by culturing stem cells
with CaP-containing hydrogels, matrices, or scaffolds in the presence or even absence of
osteoinductive soluble factors [4, 19-24]. Hydroxyapatite (HA) is one of the most commonly
used CaP-based bone graft substitutes in orthopedic practices because of the similarity of its
osteoconductivity and chemical composition to that of bone mineral [18, 25]. HA-based
biomaterials have been extensively used to promote bone regeneration [4, 26]. However, it
has been shown that the bioactivity of CaP-based biomaterials may be influenced by the
mineral’s nanostructure, crystallinity, and dissolution rate, with higher dissolution rate
resulting in release of calcium and inorganic phosphate ions, leading to increased
osteogenesis [25]. CaP-based microparticles with high dissolution rates have recently been
developed by incubating HA microparticles in a modified simulated body fluid solution to
form biomimetic CaP coatings [27, 28]. Nevertheless, it is unknown how mineral-coated
particles (MPs) can modulate the differentiation of PSCs toward osteo-chondrogenic
lineages.

Porous scaffolds, hydrogels, and cell carriers have been used to provide cells with a 3D
microenvironment to support stem cell culture and differentiation [20-22, 29, 30].
Alternatively, a more physiologically relevant 3D microenvironment can be emulated
through cell self-assembly, which has been applied to form multicellular aggregates in
various cells types [31-33]. In particular, PSC aggregates are capable of recapitulating
various morphogenetic processes associated with embryonic development and thus have
been used to form various highly structured and functional tissues commonly referred to as
“organoids” [34-38]. PSC aggregates mimic the high cell density and cell-cell interactions
characteristic of mesenchymal condensation that is a critical stage that precedes both
intramembranous and endochondral bone formation [39], and thus 3D aggregates represent a
physiologically relevant model to examine osteo-chondrogenic differentiation of PSCs in
response to exogenous cues. More importantly, incorporation of biomaterial microparticles
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within cell aggregates enables direct examination of cell-biomaterial interactions that have
been shown to regulate stem cell fate as a function of material properties [40-42].

Therefore, the objective of this study was to examine the use of a combinatorial biomaterial-
PSC aggregate platform to study skeletal morphogenesis of PSCs in response to CaP-coated
mineral particles. Different amounts of MPs were incorporated within murine embryonic
stem cell (ESC) aggregates to assess their effects on osteo-chondrogenic differentiation and
pluripotency /n vitro and in vivo. The expression of phenotypic markers, extracellular matrix
components, and mechanical properties of aggregates were examined in the absence or in
combination with soluble osteoinductive factors. This study establishes a novel approach to
engineer a pro-osteo-chondrogenic microenvironment of ESC aggregates via incorporation
of MPs, and therefore pave a new path for regenerating skeletal tissues.

2. Materials and methods

2.1. Mineral particle preparation

Mineral particles (MPs) were prepared using a method reported previously [28]. Briefly,
hydroxyapatite microparticles (Plasma Biotal LTD, UK) with an average size of between 3-5
um in diameter were used as a starting material. HA MPs (100 mg) were incubated in 50 mL
of madified simulated body fluid (mSBF) with 2X the concentration of calcium and
phosphate of human blood plasma in a conical tube with constant rotation to form the
mineral coating on their surfaces at 37 °C. The mSBF was prepared by dissolving NaCl
(141mM), KCI (4.0mM), MgSOy4 (0.5mM), MgCl, (1.0mM), NaHCO3 (4.2mM), CaCl,
(5.0mM), and KH,PO4 (2.0mM) in de-ionized water, and the pH was adjusted to 6.8 using
2N HCI/NaOH. The mSBF was refreshed daily during the seven day incubation period, and
the MPs were collected after rinsing with deionized water and lyophilization.

2.2. Embryonic stem cell aggregate culture and differentiation

Murine D3 ESCs (ATCC, Manassas, VVA) were cultured and expanded in ESC expansion
media consisting of DMEM (Mediatech, Herndon, VA), 15% fetal bovine serum (Hyclone,
Logan, UT), 100 U/mL penicillin, 100 pug/mL streptomycin, 2.5 pg/mL amphotericin, 2 mM
L-glutamine, 1x non-essential amino acid solution (Mediatech), 0.1 mM 2-mercaptoethanol
(Fisher Scientific, Fairlawn, NJ), and supplemented with 103 U/mL of leukemia inhibitory
factor (LIF, ESGRO, Chemicon, Temecula, CA) . When 2D ESC cultures were used to
compare the effects of MPs on ESC pluripotency, LIF was not supplemented in the ESC
expansion media during the last 24 hr of culture. ESC cultures (~70% confluent) were
trypsinized into a single cell suspension to form ESC aggregates by forced aggregation in
polydimethylsiloxane microwell inserts (400 pm diameter) [43]. Briefly, 6.0 x 10% cells in 3
mL of basal media (ESC expansion media without LIF) were added to each insert in a 6-
well plate to form aggregates (~1000 cells each). After 16 hrs of incubation in the
microwells, ESC aggregates with or without MPs were transferred to suspension culture on a
rotary orbital shaker (45 rpm) in basal media (BM) for up to 14 days. In order to promote
osteochodrogenic differentiation, aggregates were cultured in differentiation media (DM)
from day 5 to day 14, which consisted of BM supplemented with 5 mM B-GP (Sigma) and
0.2 mM L-ascorbic acid 2-phosphate sesquimagnesium salt (vitamin C, Sigma). Media was
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completely exchanged every two days after gravity-induced sedimentation of aggregates in
15 mL conical tubes.

2.3. MP incorporation within ESC aggregates

MPs were incorporated into ESC aggregates by mixing either 2x10° (1.7 mg) or 6x106 (5.1
mg) MPs with 6x10° single ESCs before forced aggregation in PDMS microwells to form
MPs-aggregates at different seeding ratios of 1:3 or 1:1 (MPs:cells), respectively. The MP to
cell ratios were chosen based upon several previously published studies with similarly sized
microparticles and also preliminary studies with a wider range of ratios that yielded visual
incorporation of mineral particles. To monitor the MP incorporation, particles (10 x

108 /mL) were fluorescently labeled by incubation with 100 uM xylenol orange in PBS at
37 °C for 30 min. The labeled MPs were washed three times with PBS to remove residual
unbound dye prior to incorporation within ESC aggregates (Supplementary Figure. 1). MP
incorporation during the first 16 hrs of aggregation within microwell was monitored by an
inverted fluorescent microscope (1X70, Olympus) equipped with a CCD camera (RT Color,
Diagnostic, Spot Software V4.0.9). Formed aggregates were then transferred to suspension
culture and unincorporated MPs were counted to calculate the MP incorporation efficiency
using the formula:

unincroporated MP numbers
total MP numbers

MP incorporation efficiency (%)= (1 - >*100%

The distribution of labeled MPs in ESC aggregates was also examined at days 1 and 14 of
culture. Cells in the aggregates were fluorescently labeled by incubation of aggregates with
2 UM calcein AM at 37 °C for 45 min. The stained aggregates were suspended in PBS
during imaging with a Zeiss LSM 700-405 confocal microscope (Carl Zeiss, Inc., Jena,
Germany).

2.4. Cell survival in ESC aggregates

The viability of cells comprising ESC aggregates at days 2 and 14 of culture was evaluated
using LIVE/DEAD assay (Molecular Probes, Inc., Eugene, OR) as described previously
[29]. Briefly, samples were incubated in PBS containing 2 uM calcein AM and 4uM
ethidium homodimer-1 for 45 min at 37°C. The stained samples were washed three times in
PBS and immediately imaged using a Zeiss LSM laser scanning confocal microscope
(700-405, Carl Zeiss, Inc., Jena, Germany).

2.5. Biochemical assays

To quantify calcium and phosphate contents in ESC aggregates, samples (n=4) were
harvested after 14 days of culture and lysed in 0.5 N HCI at 4°C for 24 hrs [44]. The
concentration of calcium and phosphate in the supernatant was quantified using Calcium and
Phosphate Colorimetric Assay Kits (BioVision Co., USA) according to manufacturer’s
instructions. Briefly, the absorbance of chromogenic complex formed between calcium ions
and o-cresolphthalein was measured at 575 nm while that of chromogenic complex formed
between phosphate ion and malachite green and ammonium molybdate was measured at 650
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nm. For the measurement of sulfated glycosaminoglycan (SGAG) content, aggregates were
digested in papain solution (125 pg/mL papain, 10mM cysteine) at 60°C overnight. The
SGAG concentration in the lysate was then determined spectrophotometrically at 525 nm
following the reaction with dimethylmethylene blue dye (Sigma—Aldrich, St. Louis, MO).
The DNA content of cell lysates was determined fluorimetrically following the reaction with
PicoGreen (Invitrogen Corporation) and used for normalization [29].

2.6. RNA isolation and real-time RT-PCR

Total RNA was extracted from ESC aggregates or 2D ESC cultures (n=4) using RNeasy
Mini Kit (Qiagen, CA) and reverse-transcribed into cDNA using iScript cDNA synthesis kit
(Bio-Rad, CA). Real-time PCR was performed using iQ™ SYBR® Green SuperMix (Bio-
Rad) for pluripotent markers (oct-4, nanog, rex-I), chondrogenic markers (sox9, col2al,
acan, col10al), osteogenic markers (runx2, osx, collal, bsp, opn, ocn), growth factors (fgf,
fgf2, R 1, g2, tgB3, bmp2, bmp4, bmpé6, vegf), and housekeeping gene (s18). The
expression level of targeted genes was first normalized to the expression level of sZ8and
then converted to the relative fold-change to the expression level of each gene in the “No MP
in BM” group. Primer sequences and amplification conditions are listed in Supplemental
Table 1.

2.7. Mechanical characterization of ESC aggregates

The bulk mechanical properties of ESC aggregates (8 aggregates per each experimental
group) were assessed after 2 or 14 days of culture using a micron-scale parallel-plate
compression test system (MicroSquisher, CellScale), which measures the force of cantilever
beam deflection in response to user-defined displacements [42, 45] (Supplementary Figure
2A). All samples were tested in a PBS fluid-filled bath at room temperature. Cantilever
beams of diameters from 76.2 um to 152.4 um were employed, depending on the stiffness
and sensitivity required to measure different aggregates. Samples were compressed at a
strain rate of 2.5 p/s, and released at a rate of 2.5 p/s in order to record any hysteresis. The
Young's modulus of the aggregates was then calculated based upon a linear viscoelastic
model of creep displacement behavior, as previously described [42, 45] (Supplementary
Figure 2B).

2.8. Teratoma assay

ESC aggregates were injected subcutaneously into NOD SCID mouse to assess the effect of
MPs on pluripotency of ESC aggregates /n7 vivo [46]. All animal experiments were approved
by the Georgia Institute of Technology Institutional Animal Care and Use Committee animal
protocol. ESC aggregates (~4000 aggregates per implantation, ~1000 cells/aggregate) were
collected from microwells after 24 hours of formation, resuspended in 0.2 mL PBS, and
injected into dorsal subcutaneous pockets of 8 week-old male NOD SCID mice (Charles
River Laboratories International Inc., MA) using a 26-gauge needle. An equal number of
ESCs in a single-cell suspension (Single ESCs) harvested directly from 2D culture (~4x10°
cells) without supplementation of LIF during the last 24 hr of culture were also injected
subcutaneously. One mouse received 3 injections per experimental group; thus, 4 animals in
total were used in this study. Teratomas were recovered 28 days post injection by careful
dissection from the surrounding host tissue and subjected to macroscopic assessments (size,
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appearance) and the sizes of teratomas were measured by quantification of the cross-section
area of macroscopic images of teratomas using Image J software (NIH, Bethesda, MD,
USA). The teratomas were then processed for histological examination.

2.9. Histological Examination

ESC aggregates were fixed in 10% formalin, entrapped in Histogel (Thermo Scientific,
Rockford, IL), processed and embedded in paraffin [47]. Paraffin blocks were sectioned at a
thickness of 5 um and stained with hematoxylin and eosin, safranin O and fast green,
alizarin red, or von Kossa and fast red. Similarly, formalin-fixed teratomas were processed,
embedded in paraffin, and 5 um sections were taken every 100-200 um per block (total of
50-70 sections per each teratoma) and stained with hematoxylin and eosin or safranin O and
fast green. Stained sections were imaged using a Nikon Eclipse 80i equipped with a
SpotFlex digital camera (Diagnostic Instruments, Sterling Heights, MI). Histomorphometric
analysis of cartilage tissue within teratoma sections based on safranin O staining was
performed using Image J software (NIH, Bethesda, MD, USA) in order to calculate the
cartilage appearance frequency as well as the percentage of cartilage cross-sectional area in
teratoma sections. Of note, one of the teratoma tissues derived from a single injection of 1:1
MP aggregates was separated into 3 small individual pieces, which were grouped together
during the size measurement and the histomorphometric analysis of teratoma.

2.10. Statistical analysis

The data were expressed as mean + standard error and subjected to one-way or two-way
ANOVA followed by either Bonferroni post-hoc test or Kruskal-Wallis test for parametric or
non-parametric data, respectively. All statistical analyses were performed using GraphPad
5.0 (GraphPad Software, Inc., La Jolla, CA). P<0.05 were considered to be statistically
significant.

The differences in the gene expression of growth factors among ESC aggregates (with or
without MPs incorporation) cultured in either basal or differentiation media 2D were further
analyzed using hierarchical clustering (HCL) based on Euclidian distance and average
linking clustering. A heat map presentation of HCL was generated using GENESIS software
package (Graz University of Technology, Graz, Austria).

Principal component analysis (PCA) was performed to determine the effects of MP
incorporation under different culture conditions on osteo-chondrogenic differentiation of
ESC aggregates as described previously [48]. All data were mean-centered and scaled to unit
variance. Observations (experimental groups) and phenotype variables (expression of osteo-
chodrogenic markers and production of ECM contents) were organized into the rows and
columns of the data matrix, respectively. The data matrix was then projected on 2 principle
components (PCs) using SIMCA P+ (Umetrics, Malmd, Sweden). A 2D biplot was
generated to visualize the contribution of phenotypic variables to the separation of treatment
groups.
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3. Results

3.1. MP incorporation within ESC aggregates

ESC aggregates with or without MPs formed similarly in the microwells within the first 16
hrs of culture (Supplementary Figure 3). MP incorporation within aggregates was
proportional to the initial seeding density with 95.3+8.6% and 96.1+6.4% MP incorporation
at the seeding ratios of 1:3 and 1:1 MPs:cells, respectively. (Figure 1A). MPs persisted
within ESC aggregates for up to 14 days regardless of culture media (Figure 1A). MP
incorporation did not appear to adversely affect ESCs viability. The majority of cells in all
D2 cultures appeared viable and only a few aggregates in D14 cultures contained a small
number of dead cells, but cell viability appeared to be independent of MP incorporation
(Figure 1B).

3.2. Chondrogenic effects of MPs on ESC aggregate

In basal media (BM), MP incorporation significantly increased the expression of all the
chondrogenic genes in comparison to ESC aggregates that lacked MPs (Figure 2A).
However, 1:1 MP-incorporated aggregates cultured in differentiation media (DM) promoted
hypertrophic differentiation as evidenced by a reduction of sox9, col2al, and acan
expression but increase in col10al expression (Figure 2A). A small increase (10-30%) in
sulfated glycosaminoglycan (SGAG) content was also observed in MP-incorporated
aggregates (Figure 2B). Morphological analysis based on histological staining revealed
considerable changes in the deposition pattern of sSGAG due to MP incorporation and culture
media. The majority of ESC aggregates lacking MPs in BM displayed relatively
homogenous positive safaranin O staining (red), whereas most aggregates containing MPs
exhibited a heterogeneous staining pattern, with regions of negative safranin o staining
(green), especially in DM culture (Figure 2C).

3.3. Osteogenic effects of MPs on ESC aggregates

Compared to aggregates lacking MPs in basal media, MP aggregates expressed significantly
higher levels of early osteogenic genes including runx2, osx, collal and opn (Figure 2A),
but similar levels of more mature osteogenic markers, such as bspand ocn (Figure 3A). MP
incorporation alone did not increase calcium and phosphate deposition (Figure 3B), which
was confirmed by negative staining for alizarin red and von Kossa, except for the residual
MPs within aggregates (Figure 3C, Supplementary Figure 4A). The expression of all of the
osteogenic markers was further increased when aggregates were cultured in differentiation
media, especially in MP aggregates (Figure 3A). Simultaneously, mineralization of ESC
aggregates was also enhanced in differentiation media with the highest phosphate and
calcium contents was observed in 1:1 MP aggregates (p<0.05) (Figure 3B). Accordingly,
aggregates in DM culture exhibited stronger staining for both alizarin red and von Kossa
than those in BM culture. The numbers of positively stained aggregates as well as the sizes
of stained regions per aggregate increased in a MP dose-dependent manner (Figure 3C).
Staining of adjacent histological sections demonstrated that the regions containing calcium
and phosphate deposits overlapped with the areas lacking SGAG (Supplementary Figure
4B). Altogether, these results indicated that differentiation media promoted the transition of
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MP aggregates from an early osteo-chondrogenic phenotype to hypertrophic and more
mature osteogenic phenotypes.

3.4. Effect of MPs on gene expression of growth factors by ESC aggregates

In addition to the phenotypic changes in ESC aggregates, MP incorporation also affected the
gene expression of a wide range of growth factors that are important regulators of osteo-
chondrogenic differentiation. In general, the gene expression of growth factors was
significantly greater in aggregates with MPs than those without, and these differences were
more pronounced when aggregates were cultured in differentiation media compared to basal
media (Figure 4A). Hierarchical clustering further illustrated the distinct differences in
expression profile of growth factors among the different groups (Figure 4B). In BM, a
moderately increased expression of pro-chondrogenic factor zg/f33was observed in 1:3 MP
aggregates while the expression of both pro-chondrogenic factor g1 and pro-osteogenic
factors bmp2, 4 were increased in 1:1 MP aggregates. DM cultures exhibited similar
expression pattern with highly elevated expression of pro-chondrogenic genes (g3, brmpé)
in 1:3 MP aggregates but prominent pro-osteogenic genes such as bmp2and bmp4in 1:1
MP aggregates (Figure 4B) .

3.5. Bulk mechanical stiffness of ESC aggregates

The bulk stiffness of ESC aggregates was examined to determine if the observed phenotypic
changes impacted the overall mechanical properties of ESC aggregates. A significant
increase in the Young’s modulus of aggregates (Figure 5) was observed during the course of
differentiation. ESC aggregates cultured in DM were consistently stiffer than each of their
counterparts cultured in BM (Figure 5, P=0.001, 0.021, 0.014 for No MP, 1:3 MP, and 1:1
MP, respectively). However, MP incorporation did not change the average modulus values of
aggregates, indicating that the increased bulk stiffness as a result of differentiation was
unlikely due to the direct influence of MPs on the mechanical properties of ESC aggregates.

3.6. Effect of MPs on the pluripotency of ESC aggregates

Since MPs alone strongly affected the osteochondral differentiation of ESC aggregates /n
vitro, the direct influence of MPs on the pluripotency of ESCs aggregates was further
examined by assessing the acute gene expression of pluripotent markers by D1 ESC
aggregates. As expected, the expression of oct-4, nanog, and rex-1 was significantly
decreased by aggregate formation in the absence of LIF compared to ESCs in 2D culture
(Figure 6A). Moreover, ESC aggregation with MPs led to an additional 15-25% reduction in
the expression of pluripotency genes compared to aggregates lacking MPs (Figure 6A),
indicating that MP incorporation accelerated the loss of pluripotency by ESC aggregates.

We further examined whether the decreased expression of pluripotency genes could
subsequently affect the ability of ESC aggregates to form teratomas in NOD SCID mouse.
Subcutaneous injections of either single ESCs or day 1 ESC aggregates led to the formation
of teratomas with noticeable differences in size and appearance (Figure 6B). The retrieved
teratomas derived from 1:1 MP aggregates appeared less vascularized and more translucent
in contrast to teratomas derived from the other groups (Figure 6B). More interestingly,
teratomas derived from no MP, 1:3 MP, and 1:1 MP aggregates had a significant reduction
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(53.7%, 59.7% and 70.0%, respectively, P=0.0023) in size based on the quantification of
cross-sectional area compared to that of teratomas derived from single ESCs, consistent with
pluripotent gene expression results (Figure 6B). Microscopically, all of the teratomas were
composed of multiple types of tissues containing cells characteristic of the three germ layers
(Supplementary Figure 5), including ectoderm (retina-like structure, neural rosette, and
epidermis), mesoderm (cartilage, bone, and muscle), and endoderm (pancreas, thyroid, and
gut-like epithelium). Histomorphometric analysis of teratoma sections indicated that larger
cartilaginous tissues were more prevalent in teratomas derived from 1:1 MP aggregates,
although the observed differences were not statistically significant (Figure 6C).

4. Discussion

Harnessing the 3D differentiation and morphogenesis in PSCs aggregates represents an
intriguing avenue for the understanding of embryonic development and the regenerative
application of PSCs [49]. Several proof-of-concept studies have demonstrated the possibility
of using biomaterial-based microparticles to modulate the 3D microenvironment of stem cell
aggregates [40, 41]. However, successful induction of PSC aggregate differentiation toward
specific lineages through this strategy has yet to be reported. CaP-based biomaterials are
widely used in clinical therapies to promote bone formation due to their excellent
biocompatibility, osteoconductivity, and putative osteoinductive potential [16-18, 25]. This
study thus attempted to engineer a 3D microenvironment favorable for osteo-chondrogenic
differentiation via incorporation of CaP-enriched mineral particles (MPs) within ESC
aggregates.

Our results demonstrate that differential control of 3D ESC osteo-chondrogenic
morphogenesis can be achieved via incorporation of MPs and soluble treatment of
osteoinductive factors. As illustrated by PCA analysis (Figure 7A), the variance in cell
phenotype was separated along two principal components on the PCA biplot based on their
chondrogenic phenotype (sox9, colZal, acan, col10al1 expression and SGAG content) or
osteogenic phenotype (runx2, osx, collal, bsp, opn, ocn expression as well as calcium and
phosphate contents), respectively. PC1 and PC2 together captured 86% of the data variance
present in all groups and separated the ESC aggregates into two trajectories, which led
towards chondrogenic and osteogenic specifications (Figure 7A). Incorporation of MPs at
low ratio (1:3 MP aggregates) alone resulted in a pronounced chondrogenic phenotype based
on the highest expression of chondrogenic markers. Additional supplementation of soluble
factors yielded an enhanced osteogenic phenotype in MP aggregates, with the highest
expression of osteogenic markers and mineral deposition observed in 1:1 MP aggregates in
DM culture. Furthermore, MP-free aggregates in differentiation media exhibited similar
phenotypes as 1:1 MP aggregates in basal media, which suggested that chemical-induced
differentiation could be mimicked by incorporating a high proportion of MPs (Figure 7A).

Ca?* and PO43 released from CaP-based biomaterials have been shown to dose-dependently
modulate osteo-chondrogenic differentiation, in which higher dose of CaP promotes
osteogenic differentiation but inhibits chondrogenic differentiation [25, 50]. In this study, the
Ca?* and/or PO 3~ can be released from either incorporated MPs or GP in the
differentiation media to generate an extracellular CaP pool, of which the extracellular CaP
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levels vary depending on the dose of incorporated-MPs, the type of culture media, and
combinations thereof. The resulting CaP concentrations might thereby differentially favor
either chondrogenic or osteogenic phenotype of ESC aggregates (Figure 7B). The relatively
lower CaP level in 1:3 MP aggregates cultured in basal media promoted chondrogenic
differentiation, while the differentiation propensity favored osteogenic lineages when MP
aggregates were exposed to relatively higher levels of CaP upon supplementation of soluble
factors in differentiation media.

Although the precise molecular mechanism of osteo-chondrogenic inductivity of CaP-based
biomaterials remains unclear, it has recently been suggested that Ca2* and PO 3~ may
activate different down-stream signaling pathways to exert their bioactivities [25, 51, 52]. A
higher expression of G-protein coupled receptor 5A and regulator of G-protein signaling 2,
which are involved in the enhancement of osteogenic differentiation and bone formation,
have been observed when hMSCs were cultured on B-tricalcium phosphate ceramics [25]. A
recent work has discovered a phosphate-mediated adenosine signaling mechanism
responsible for the up-regulation of osteogenic markers (ocn, opn) when culturing hMSCs
on mineralized matrices [52]. Future validation studies of calcium- and phosphate-based
signaling pathways in the MP-incorporated ESC aggregate model could elucidate their roles
in embryonic skeletal development as well as highlight the application of mineral particles to
modulate the microenvironment for pluripotent stem cell-based skeletal regeneration.

Consistent with previous studies showing that cells exposed to soluble Ca2* and PO 4-or
interaction with CaP-based biomaterials expressed more bmp2, tgf31 and other growth
factors [23, 25, 53, 54], MP aggregates also exhibited greater expression of pro-
chondrogenic or pro-osteogenic growth factors. Additionally, the differences in the
expression pattern of growth factors in response to MP doses and culture conditions
according to their differentiated phenotypes could indirectly reflect the observed cell
specification toward either chondrogenic or osteogenic cell fates. Furthermore, MPs have
strong affinity to a wide range of GFs [27], and thereby could sequester growth factors
secreted by ESCs to create a locally enriched growth factor microenvironment within
aggregates to enhance cell differentiation. A recent study specifically demonstrated highly
efficient sequestering of cell-secreted BMP-2 when hMSCs were cultured in contact with
CaP mineral coatings similar to those used in our current study, supporting the concept of
cell-secreted GF sequestering by the mineral coating [55].

Alternatively, the mechanical properties of biomaterials can modulate stem cell fate
independent of their chemical properties [40, 52]. Harnessing stem cells for skeletal
regeneration can be achieved by modulating the stiffness of biomaterials. The stiffness of 2D
matrices has been shown to differentially regulate stem cell specification toward either
smooth muscle cells or chondrogenic cells [56]. Sun et a/. have also reported that the high
mechanical strength of 3D scaffolds can promote stem cell mediated bone regeneration
through endochondral ossification [57]. Unlike our previous observation that introduction of
gelatin microparticles significantly increased the stiffness of human mesenchymal stem cell
aggregates [42], the presence of MPs did not affect the mechanical properties of ESC
aggregates. Of note, the compression test used in this study only allowed us to measure the
bulk mechanical properties of entire aggregate. Therefore, we cannot rule out the possibility
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that individual cells in direct contact with MPs might sense the stiffness of the MPs, which
might impact osteo-chondrogenic differentiation.

A recent study by Kang et a/. reported a significant reduction of nanog expression by human
ESCs cultured on mineralized matrices in the absence of any osteoinductive supplements
and the formation of ectopic bone without sign of teratoma when implanted /in vivo [23].
Similarly, MP incorporation alone significantly reduced the expression of pluripotent
markers by ESC aggregates in a dose-dependent manner. While implanted MP aggregates
still formed teratomas /n vivo, the discrepancy in species, injected cell numbers (4 times
more ESC per injection) and significantly less amount of CaP materials used in our study
could contribute to the observed differences. It is important to note that the period of /n vitro
culture was restricted to just 24 hours before /in vivo injection of ESC aggregates, which may
explain why limited formation of terminal osteochondral tissues was achieved /n vivo.
However, a higher frequency of cartilage tissue in 1:1 MP aggregates-derived teratomas was
observed, suggesting that MPs might be able to promote osteo-chondrogenic differentiation
of ESCs in vivo as well.

5. Conclusion

Engineering microenvironmental properties to regulate stem cell fate via biomaterials is an
emerging strategy for regenerative medicine. Our proof-of-concept study successfully
employed a 3D ESC aggregate model to investigate the potential of using calcium
phosphate-based mineral particles to direct the differentiation of ESCs towards osteo-
chondrogenic lineages as well as attenuate ESC pluripotency, although the optimal doses of
mineral particles and treatment combinations suitable for either osteogenesis or
chondrogenesis will need to be determined in future experiments before preceding to any
preclinical studies or clinical applications. The results also indicate that bio-inductive
materials and soluble cues can act in a combinatorial fashion to modulate skeletal
morphogenesis of ESC aggregates. This biomaterial-ESC aggregate system can serve as a
novel platform to assess the ability of biomaterials to directly specify stem cell fate and
create functional skeletal tissues for regenerative therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Mineral particle incorporation and cell viability. (A) Xylenol orange-labeled MPs (pink)
were incorporated and persisted within the ESC aggregates for up to 14 days of culture in
either basal media (BM) or differentiation media (DM). Calcein AM-stained ESCs were
pseudocolored as blue. (B) Live/Dead staining of D2 and D14 ESC aggregates in either BM
or DM culture. Live cells were stained by calcein AM (green) while dead cells were stained

by ethidium homodimer-1 (red).
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Fig. 2.

Cf?ondrogenesis of ESC aggregates with incorporated MPs. ESC aggregates were cultured
for 14 days in either basal media (BM) or differentiation media (DM). (A) Real-time PCR
analysis of gene expression of chondrogenic markers. (B) SGAG content extracted from
ESC aggregates was quantified by DMMB assay and normalized to DNA content. n=4,
*P<0.05 vs. No MP, $P<0.05 vs. 1:3 MP under the same culture condition, #*P<0.05 vs. BM.
(C) sGAG deposition (red) in aggregates was visualized by safranin O and fast green
counterstaining.
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Fig. 3.

Osteogenesis of ESC aggregates with incorporated MPs. ESC aggregates were cultured for
14 days in either basal media (BM) or differentiation media (DM). (A) Real-time PCR
analysis of the gene expression of osteogenic markers. (B) Phosphate and calcium content
extracted from aggregates were quantified colorimetrically and normalized to DNA content.
n=4, *P<0.05 vs. No MP and $P<0.05 vs. 1:3 under the same culture; *P<0.05 vs. BM. (C)
The presence of calcium and phosphate deposition within ESC aggregates was visualized by
alizarin red staining (red) and von Kossa (black) / fast red counter staining, respectively.
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Effect of mineral particles on growth factor expression. (A) Real

expression of various growth factors by ESC aggregates after 14
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Effect of mineral particles on bulk stiffness of ESC aggregates. The bulk stiffness of ESC
aggregates after 2 days or 14 days of cultures were measured via parallel plate compression
testing. n=8 for each group, *P<0.05 vs. D2 BM, #P<0.05 vs. D14 BM.
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Fig. 6.

Ef%ect of mineral particles on the pluripotency of ESC aggregates. (A) Real-time PCR
analysis of pluripotent gene expression. *P<0.05 vs. single ESCs (n=4). (B) Equal cell
numbers of single ESCs (ESC suspension harvested directly from 2D culture), no MP, 1:3
MP, or 1:1 MP ESC aggregates were subcutaneously injected in NOD SCID mice and the
tissue masses were harvested 28-days post-injection and examined macroscopically. Black
rectangle indicates the three individual pieces of teratoma derived from a single injection of
1:1 MP aggregates. The cross-section area of teratomas were quantified by Image J. *P<0.05
vs. single ESCs. (C) Teratoma sections were stained by safranin O/fast green in order to
visualize the positive-stained cartilage tissues (red) within each section. Representative
images of stained teratomas sections showed the presence of cartilage tissues as indicated by
arrows (Scale bar = 100 um). The proportion of cartilage-containing sections and the
cartilage cross-sectional area % were calculated based on histomorphometric analyses.
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Fig. 7.
Summary of the effects of MPs on the osteochondral differentiation of ESCs. (A) PCA

biplot illustrated the effect of MP incorporation in combination with different culture
conditions on ESC osteo-chondrogenic phenotypes. The dotted ellipses represent clustering
of individual treatment groups. (B) Schematic model of MP-induced osteo-chondrogenic
differentiation of ESC aggregates.
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