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Abstract
Embryonic stem cells represent a potentially unlimited cell source for tissue engineering applications.
However, in order to be used for such applications, embryonic stem cells differentiation must be
controlled to only the desired lineages. In this study, we examine the effects of nanofibrous
architecture and biochemical cues on the osteogenic differentiation of embryonic stem cells
compared to the more traditional architecture without the nanofibrous features in two dimensions
(thin matrix or flat films) and three dimensions (scaffolds) in vitro. After three weeks of culture the
nanofibrous thin matrices were capable of supporting mRNA expression of osteogenic differentiation
markers in embryonic stem cells without osteogenic supplements, while solid films required
osteogenic supplements and growth factors to achieve mRNA expression of osteogenic
differentiation markers. Nanofibrous scaffolds substantially enhanced mRNA expression of
osteogenic differentiation markers compared to solid-walled scaffolds, nanofibrous thin matrices or
solid films. After 4 weeks of culture, nanofibrous scaffolds were found to contain 3 times more
calcium and stronger osteocalcin stain throughout the scaffolds than the solid-walled scaffolds.
Overall, the nanofibrous architecture enhanced the osteogenic differentiation and mineralization of
embryonic stem cells compared to the solid-walled architecture in both two and three dimensional
cultures.

Introduction
The number of surgical procedures to correct bone defects has been increasing over the past
10 years [1]. Currently, these procedures utilize autografts, allografts or metallic and ceramic
implants to correct the bone defect. Each of these options has its own drawbacks such as donor
site morbidity, pathogen transmission, and mismatching material properties with the native
bone respectively [2,3]. As an alternative to these procedures, tissue engineering has emerged
to create de novo tissue by growing cells on three-dimensional (3D) scaffolding [4,5]. Ideally,
this scaffolding should recapitulate the key structural and biochemical signals of the tissue’s
natural extracellular matrix (ECM) [6], which is primarily composed of type I collagen in bone.
Several fabrication methods are capable of mimicking the size scale of type I collagen [7].
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However most are incapable of incorporating a designed 3D macro pore structure. We have
developed a synthetic nanofibrous (NF) scaffold capable of well-defined anatomical shapes
and pore structures [8].

Once a bone defect reaches a certain size, cells in addition to the scaffolds are required to
generate functional tissue. Currently, most cells used for this type of tissue engineering are
isolated from an autologous source [9]. This yields a limited number of cells that may lose the
ability to generate the desired tissue during cell expansion culture prior to seeding them onto
the scaffolding. Embryonic stem cells (ESC) represent a potential advance in cell sourcing for
tissue engineering because they proliferate longer than other types of stem cells and possess
the ability to differentiate to any tissue type within the body.

Although nano-scale architecture affects cellular proliferation, movement, and orientation
[10], few studies have examined the effects of such architecture on ESC [11,12]. Studies using
ESC for tissue engineering have focused mostly on the addition of biochemical cues to control
the ESC differentiation [13–16]. However, during embryonic development both the ECM and
the biochemical cues play a vital role in tissue development [17]. In this study, we will examine
the effects of both the NF architecture and biochemical cues on the osteogenic differentiation
of ESC in both two dimensional (2D) and 3D cultures.

Materials and Methods
Poly(L-lactic acid) (PLLA) with an inherent viscosity of 1.6 dl/g was purchased from Alkermes
(Medisorb, Cambridge, Massachusetts) and used without further purification. Wax and
polysulphonamide for 3D printing were purchased from Solidscape Inc. (Merrimack, New
Hampshire). Cyclohexane, dioxane, ethanol, hexane, and methanol were purchased from
Fisher Scientific (Pittsburgh, Pennsylvania). Dubecco’s Modified Eagle Media (DMEM),
0.5M EDTA, trypsin, Hank’s buffered salt solution (HBSS) and PCR primers were obtained
from Invitrogen (Carlsbad, CA). Fetal Bovine Serum was obtained from Harlan Biological
Laboratory (Indianapolis, IN). Human recombinant leukemia inhibitory factor (LIF), and
Neuronal Class III β-Tubulin (TUJ1) antibody and goat serum were obtained from Sigma (St.
Louis, MO). Human transforming growth factor-beta1 (TGF-β1), insulin-like growth factor I
(IGF) and bone morphogenic protein-2 (BMP-2) were obtained from Peprotech (Rocky Hill,
New Jersey). Osteocalcin antibody and all secondary antibodies were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Both RNeasy Mini Kit and Rnase-Free DNase set were
obtained from Qiagen (Valencia, California). TaqMan reverse transcription reagents, real-time
PCR primers, and TaqMan Universal PCR Master mix were obtained from Applied Biosystems
(Foster City, California). All other chemicals were obtained from Sigma Chemical Company
(St. Louis, MO) unless otherwise noted.

Two-Dimensional Thin Matrix and Film Preparation for Cell Culture
PLLA was dissolved in tetrahydrofuran at 60°C to make a 10% (wt/v) PLLA solution. The NF
PLLA matrix (thickness~40μm) was fabricated by first casting 0.4 mL of the PLLA solution
on a glass support plate which had been pre-heated at 45°C for 10 min and then sealing the
polymer solution on the glass support plate by covering it with another pre-heated glass plate.
The polymer solution was phase separated at −20°C for 2 hrs and then immersed into an ice-
water mixture to exchange tetrahydrofuran for 24 hrs. The matrix was washed with distilled
water at room temperature for 24 hrs with water changed every 8 hrs. The matrix was then
freeze-dried.

The matrices were cut to fit into a 35 mm Petri dish and secured in place with a disk of silicone
elastomer from Dow Corning (Midland, MI) containing a 1.5 mm by 1.5 mm opening. The
matrices were sterilized with ethylene oxide, wet with HBSS 2 times for 0.5 hrs each and rinsed
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with differentiation media (DMEM supplemented with 20% FBS 10−4M β-mercaptoethanol,
and 1.33μg/ml HEPES) for 1 hr.

PLLA thin flat (solid) films were fabricated in a similar manner excluding the phase separation
step. Instead, the solvent was evaporated at room temperature in a fume hood. The thin solid
films were then treated similar to the NF matrices.

Three-Dimensional Scaffold Preparation for Cell Culture
Scaffolds were fabricated as previously described [8]. Briefly, negative molds were designed
and converted into stereolithography data using Rhinoceros software (Robert McNeel &
Associates, Seattle, Washington), and then imported into Modelworks software (Solidscape)
to convert the files for 3D printing. Molds were fabricated in a layer-by-layer fashion with the
molten wax and polysulphonamide printed separately using a Modelmaker II (Solidscape). The
polysulphonamide was later dissolved in ethanol.

External dimensions of the scaffolds were (L×W×H) 6.6×6.6×2.45 mm. Internally, the scaffold
contains partially overlapping orthogonally stacked layers of parallel rectangular channels with
open channels of (W×H) 400×300 μm and closed struts of (W×H) 350×300 μm.

For NF scaffolds, a 9% (wt/v) solution of PLLA in 4:1 (v/v) dioxane:methanol was stirred at
60 °C until homogeneous. Dioxane was dripped into the mold to wet the wax surface, the
polymer solution was cast into the mold, and the polymer/mold composite was phase separated
overnight at −20 °C. The solvent was extracted with cold ethanol (−20 °C) for 1 d and ice-cold
water for 1 d. Excess polymer was trimmed with a razor blade, and the polymer/mold composite
was washed in 37 °C cyclohexane to dissolve the wax mold, followed by washings in 37 °C
ethanol and water, and subsequent freeze-drying.

For SW scaffolds, a 9% (wt/v) PLLA/dioxane solution was similarly cast and phase separated.
The polymer/mold composites were lyophilized at −5 to −10 °C to remove dioxane crystals.
Excess polymer was trimmed with a razor blade and wax molds were dissolved away similarly
to those in NF samples.

D3 Culture and Seeding
D3 mouse ESC [18] were cultured on 0.1% gelatin-coated tissue culture flasks in ESC media
(DMEM supplemented with 10% FBS, 10−4M β-mercaptoethanol, 0.224 μg/ml L-glutamine,
1.33 μg/ml HEPES, and 1,000 units/ml human recombinant LIF). Media formulations used are
provided in Table 1.

Embryoid bodies (EBs) were formed by seeding 3×106 cells into a 60 mm polystyrene dish
containing EB media (ESC media without LIF supplement with the addition of 1 μM
dexamethasone, 50 mg/mL ascorbic acid and 10 mM β-glycerol phosphate in osteogenic
cultures). The media was changed every 2 to 3 days. After 5 days, EBs were dissociated with
0.25% trypsin/1mM EDTA. 1.5×105 EB-derived cells were seeded on each of the prepared 2D
matrices, films or 0.1% gelatin-coated tissue culture dish controls, while 2×106 EB-derived
cells were seeded onto each 3D scaffold. Upon seeding, cells were cultured in differentiation
media, osteogenic media, BMP media or TBI media (Table 1 contains media formulations).
TBI media was used unless otherwise stated. On the thin matrices and controls the media was
changed 12 hrs after seeding and then every other day for the remainder of the culture period.
For scaffolds, the media was changed every 12 hrs for 72 hrs. The scaffolds were then
transferred from the Telfon seeding trays to 6-well plates and the media was changed every
other day.
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PCR and Real time PCR
Total RNA was isolated using an RNeasy Mini Kit with Rnase-Free DNase set according to
the manufacturer’s protocol after thin matrices and scaffolds were mechanically homogenized
with a Tissue-Tearor (BioSpec Products, Bartlesville, OK) while cells cultured on gelatin-
coated tissue culture plate controls were harvested with a cell scraper. The cDNA was made
using a Geneamp PCR (Applied Biosystems) with TaqMan reverse transcription reagents and
10 min incubation at 25 °C, 30 min reverse transcription at 48 °C, and 5 min inactivation at 95
°C. 5μL of each reaction was subject to PCR using AmpliTaq Gold DNA polymerase (Applied
Biosystems) for each of the following: collagen type I ( 5′-gaagtcagctgcatacac-3′ and 5′-
aggaagtccaggctgtcc-3′); runx2 (5′-ccgcacgacaaccgcaccat-3′ and 5′-cgctccggcccacaaatctc-3′);
bone sailoprotein (5′-gtcaacggcaccagcaccaa-3′ and 5′-gtagctgtattcgtcctcat-3′); osteocalcin (5′-
cggccctgagtctgacaaa-3′ and 5′-accttattgccctcctgcctt-3′) and β actin ( 5′-
caggattccatacccaagaag-3′ and 5′-aaccctaaggccaaccgtg-3′). The cycling conditions used were
94°C for 5mins followed by 94°C for 30s, 55°C for 60s, 72°C for 60s 35 times for β actin, and
94°C for 30s, 55°C for 60s, 72°C for 60s 30 times for runx2, bone sialoprotein, and osteocalcin.
These amplifications were followed by a 10min extension at 72°C.

Real-time PCR was set up using TaqMan Universal PCR Master mix and specific primer
sequence for collagen type I, runx2, bone sialoprotien, osteocalcin and β-actin with 2 min
incubation at 50°C, a 10 min Taq Activation at 95°C, and 50 cycles of denaturation for 15 s at
95°C followed by an extension for 1 min at 72°C on an ABI Prism 7500 Real-Time PCR System
(Applied Biosystems). Target genes were normalized against β-actin.

Immunofluorescence and Histological Staining
Cells growing on NF matrices, flat (solid) films and gelatin coated tissue culture plastic controls
were fixed with 2% paraformaldehyde/PBS, washed, and stored at 4°C in PBS. For histological
analysis, cells grown on scaffolds were fixed in 10% neutral buffered formalin solution (Sigma,
St. Louis, Missouri), dehydrated through an ethanol gradient, and embedded in paraffin.
Samples were cut as 5 μm sections. The paraffin was dissolved with xylene and the sections
were rehydrated through an ethanol gradient. The sections were then incubated in 0.5% pepsin
for 10min at 30°C for antigen retrieval. Nonspecific antibody binding was blocked by
incubating in 10% goat serum, then the matrices and control were exposed to TUJ1 (1:250) or
Osteocalcin (1:50) antibodies, followed by appropriate secondary antibodies conjugated to
FITC (TUJ1) or TRITC (ostoecalcin). DAPI was used to stain the cell nuclei.

For Alizarin Red S staining, the matrices, controls, and scaffold sections were fixed by the
same method and then stained with 40mM Alizarin Red S solution, pH 4.2 at room temperature
for 10 min. Thin matrices and controls were then rinsed 5 times in distilled water and washed
3 times in PBS on an orbital shaker at 40 rpm for 5 minutes each to reduce nonspecific binding.
Scaffold sections were dehydrated in acetone and rinsed in xylene before mounting with
permamount. Scaffold sections were also stained with hematoxylin and eosin-phloxine.

Western Blotting Analysis
Scaffolds were treated with ethanol and PBS as described above for cell culture. Scaffolds were
then incubated with differentiation medium or oritinal fetal bovine serum. Scaffolds were
quickly washed with PBS for 2 times (1 min each), cut into pieces and transferred to 1.5ml
tubes. 600ul PBS was added, and the scaffolds were washed for three times. PBS was removed,
and the scaffolds were centrifuged for 1 min at 12,000 rpm for 2 times to remove any liquid
remained. 100μl 1% SDS was added and incubated for 1 hr. This process was repeated twice.
The 3 samples were pooled to form a total collection of 300 μl sample. For microBCA (Pierce,
Rockford, IL), 50 μl of the collection sample was used (n=3), while 30 μl of the collection
sample was used for each gel. Western blot analysis was conducted as previously described

Smith et al. Page 4

Biomaterials. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[19]. Briefly, the recovered serum protein samples were subject to fractionation through 4–
12% SDS-polyacrylamide gel electrophoresis (PAGE). The fractionated proteins were
transferred to a PVDF membrane (Sigma). The blots were washed with TBST (10 mM Tris-
HCl, 150 mM NaCl, 0.05% Tween-20, pH 8.0), and blocked with Blotto (5% nonfat milk in
TBST) at room temperature for 1 h. The blots were incubated in anti-bovine fibronectin
polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at room temperature for 1
h. After being washed with TBST, the blots were incubated in anti-goat immunoglobulin G-
horseradish peroxidase-conjugated antibody (Sigma), and then in chemiluminescence reagent
(SuperSignal West Dura; Pierce). The relative densities of the protein bands were analyzed
with QualityOne (Biorad).

Mineral Quantification
After 4 weeks of culture, scaffolds for mineralization quantification were washed three times
for 5 min each in double-distilled water and then homogenized with a Tissue-Tearor in 1 mL
of double-distilled water. Samples were then incubated in 0.5 M acetic acid overnight. The
total calcium content of each scaffold was determined by using the o-cresolphthalein-
complexone method following the manufacturer’s instructions (Calcium LiquiColor, Stanbio
Laboratory, Boerne, Texas).

Collagen Quantification
The collagen content of the scaffolds was determined using a colormetric hydroxyproline
quantification method [20]. Briefly, scaffolds for collagen quantification were washed three
times for 5 min each in double-distilled water and then homogenized with a Tissue-Tearor in
500 μL of double-distilled water. 600 μL of 12N hydrochloric acid was added and the samples
were incubated at 100–110°C for 18–24 hrs. 10 μL of methyl red was added and the samples
were neutralized to a PH between 6–7 with sodium hydroxide and hydrochloric acid. 320 μL
of Chloramine T assay solution was added to 640 μL of the sample, which was placed on an
orbital shaker for 20 min at 100 rpm. 320 μL of dimethylaminobenzaldehyde assay solution
was added and the samples placed at 50°C for 30min. After which, the samples were read at
550 nm. Collagen content was estimated assuming a ratio of 1 μg hydroxyproline: 7.46μg
collagen [21].

Statistical Analysis
All experiments were conducted at least 3 times. All quantifiable data is reported with the mean
and standard deviation. Student t-tests were performed where applicable. Signficance was set
at a p-value of less than 0.05.

Results
After 3 weeks of culture, ESC cultured on NF matrices in basic differentiation media without
the addition of any osteogenic cues expressed osteocalcin and bone sialoprotein (Figure 1).
While the addition of osteogenic factors (ascorbic acid, β-glycerolphosphate, and
dexamethasone) to the media increased the expression of the bone markers in the ESC on the
NF matrices, only the addition of BMP-2 to the osteogenic media lead to the expression of
both osteocalcin and bone sialoprotein in the ESC cultured on the flat (solid) films and control
substrate (gelatin-coated tissue culture polystyrene). However, bone sialoprotein was
expressed by ESC on the solid films on without any osteogenic supplementation. Runx2, an
early bone marker, exhibited increased espression in ESC on the NF matrices in all media
compared to the ESC on the solid films in all media. ESC on the NF matrices expressed Runx2
at a similar level to ESC on control substrate in differentiation media, while ESC on the NF
matrices exhibited increased Runx2 expression compared to ESC on the control substrate in
osteogenic and BMP media. These results indicate that the NF matrices promote osteogenic
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differentiation which can then be enhanced by the addition of biochemical cues. However, the
flat (solid) films and controls rely more on biochemical cues to drive the ESC differentiation
toward the desired lineage.

ESC were then cultured on the 2D NF thin matrices or solid films and 3D NF or SW scaffolds
in BMP-media, which can lead to the eventual osteogenic differentiation of the ESC. The
effects of the different culture conditions on the differentiation of the ESC were examined
(Figure 2). After the first week of culture, Runx2, an early osteogenic marker, was expressed
by ESC on the 3D scaffolds, but not on any of the 2D NF thin matrices or flat (solid) films
until week 2 of culture. Similarly, bone sialoprotein and osteocalcin were expressed by the
ESC on the 3D NF scaffold after 1 week of culture, but not by ESC on the 2D thin matrices,
2D flat (solid) films or the 3D SW scaffold until the 2nd week. This indicates that 3D culture
promotes osteogenic differentiation compared to 2D culture. The NF architecture also
expedites ESC differentiation over smooth surfaces of either 2D flat (solid) films or 3D SW
scaffolds.

Although BMP media leads to appreciable differentiation of ESC, it does not produce the
development of tissue like cellular growth within scaffolds. To increase the production of a
more tissue-like ECM, IGF-1 and TGF-β1 were added to the media to create TBI media. After
1 week of culture ESC cultured in TBI media expressed more collagen type I and osteocalcin
than cells cultured in BMP media (Figure 3). Increased expression of collagen type I (7 times)
and osteocalcin (2.6 times) in ESC cultured in TBI media compared to BMP media continued
after two weeks of culture. TBI was therefore used in the remainder of the experiments.

After 4 weeks of culture in TBI media, the expression of bone differentiation markers was
examined on scaffolds (Figure 4). ESC growing on NF scaffolds expressed higher levels of
type I collagen (5.5 times), Runx2 (5 times), bone sialoprotein (8.5 times), and osteocalcin (2.9
times) compared to the SW scaffolds.

The appearance of these late stage bone markers coincides with the mineralization of the matrix
during bone formation. The NF thin matrices and films (Figure 5) were stained for calcium to
examine mineral deposition on each of the surfaces. After one week of culture, there was
significantly more mineralization on the NF matrices compared to the flat (solid) films. It is
only after 3 weeks of culture that the flat (solid) films appear to have a similar amount of
mineral to the NF matrices after one week of culture. This result indicates that the NF matrices
are more suitable to the promotion of mineralization. NF matrix (control) cultured in media
for the same time periods without cells did not show significant staining suggesting that the
mineralization on the NF matrix is due to active cellular deposition and not biomimic
absorption from the media. This indicates a more mature osteogenic cell population has
developed on the NF matrix than on either the flat (solid) films or the control surface and
suggests that the NF matrix better promotes the differentiation of ESC toward the osteogenic
lineage than the flat (solid) films or control surface.

A similar phenomenon was observed in the 3D scaffolds (Figure 6A), where the NF scaffolds
mineralized to a greater degree and more quickly than the SW scaffolds. Upon quantification
NF scaffolds were found to contain 3 times more calcium than the SW scaffolds after 4 weeks
of culture (Figure 6B). NF scaffolds were also found to contain over 3 times more collagen
than the SW scaffolds after 4 weeks of culture (Figure 6C).

Additionally, after 2 weeks of culture ESC were found to be distributed throughout the NF
scaffold while the ESC on the SW scaffold were still primarily in embryoid bodies and not
directly interacting with the scaffolds (Figure 7). After 4 weeks of culture the ESC on the SW
scaffolds did associate with the scaffolds like the ESC on the NF scaffolds at both 2 and 4
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weeks (Figure 7). However, the ESC on the SW scaffold did not express osteocalcin in the
center regions of the scaffold as strongly as the ESC on the NF scaffolds at either time point.

A previous study found that the difference in the amount of protein adsorbed from the media
onto the NF matrices compared to that onto the flat (solid) films [22] could contribute to the
difference in osteogenic differentiation on substrates with different matrix architectures. The
initial microenvironment created by protein adsorption from the medium was examined on the
3D scaffolds to see if a similar trend occurs. The NF scaffolds were found to adsorb significantly
more protein from the media than the SW scaffolds (Figure 8A). Western blots for fibronectin
on NF scaffolds exposed to serum-containing media (differentiation media) or pure fetal bovine
serum were shown to adsorb more fibronectin than similarly treated solid scaffolds (Figure
8B).

Discussion
ESC hold great promise as a tissue engineering cell source. However, their ability to form
multiple lineages must be contained and the ESC must be directed toward only the lineages
needed for the desired tissue [23,24]. In bone, the development process involves ECM proteins,
growth factors, signaling molecules, hormones and transcription factors in a temporary and
spatially organized process [17,25]. In this study we examine the effects of NF materials and
biochemical cues on the osteogenic differentiation of ESC in 2D and 3D compared to SW
materials.

Through mimicking the ECM, 2D NF matrices without osteogenic supplements are able to
induce osteogenic differentiation, while flat (solid) films require both osteogenic supplements
and growth factors to achieve the same results. The NF matrices may provide a better niche
for ESC osteogenesis due to improved protein adsorption from the serum [22]. Fibronectin,
the earliest of the bone matrix proteins synthesized by osteoblasts, is thought to play an
important role particularly in early osteogenesis [26,27]. A previous study found that NF
scaffolds adsorb nearly 4 times more fibronectin than their SW counterparts [28], which may
contribute to increased differentiation on NF scaffolds without the addition of osteogenic
factors.

The addition of osteogenic supplements and growth factors enhanced the osteogenic
differentiation on all materials tested illustrating that signaling molecules play an important
role in the lineage selection process. This differentiation was further enhanced on NF scaffolds
(Figure 3) by crudely mimicking the temporal expression of growth factors (TGF-β1, BMP-2
and IGF-1) during development. During skeletogenesis, TGF-β1 induces cells to migrate along
ECM molecules such as fibronectin to bone formation sites [29]. After the migration, TGF-
β1 then promotes cellular proliferation and ECM production during development [30]. While
BMP-2 is essential in limb patterning and is thought to induce commitment to osteoprogenitors
[31]. Following this, IGF-1 plays a pivotal role in longitudinal bone growth during development
[32] and has been shown to increase ECM collagen type I production [33]. Although these
additional growth factors have been shown to enhance the osteogenic differentiation, additional
study is needed to find the optimal combinations of growth factors for the directed osteogenic
differentiation of ESC.

During embryogenesis, cell-cell interactions are thought to contribute to cell lineage
differentiation [34]. The stimulation of these cellular communication pathways through 3D
culture on the scaffolds may explain the enhanced differentiation in 3D culture compared to
2D culture. However, for functional bone formation further work is needed to determine the
optimal 3D culture conditions.
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Previous studies with pre-osteoblasts showed enhanced differentiation and tissue formation on
NF scaffolds compared to SW scaffolds [8,35]. As the NF architecture was designed to mimic
collagen type I, which modulates osteoblast behavior through integrin interactions [36,37] and
adsorbs more protein from the media (Figure 8); additional stimulation of integrin signalling
could be occurring on the NF scaffolds compared to the SW scaffolds. A previous study with
NF materials found α2 and β1 integrin expression to be up-regulated compared to their SW
counterparts even when collagen fibril formation was inhibited, implying a direct interaction
between the NF material and the cells [35]. This increased α2β1expression particularly could
enhance the osteoblast differentiation of the ESC since increased α2 integrin expression is
associated with increased differentiation of ESC [38] and is considered to be necessary for
osteogenic differentiation [39,40], while increased β1 integrin expression has been linked to
enhanced ESC mesodermal lineage commitment of ESC [41]. Additional integrins associated
with collagen and fibronectin binding have also been up-regulated on NF materials compared
to SW materials [35], which could further lead to enhancement of the osteogenic phenotype
due to their importance in osteogenesis.

Conclusions
ESC grown on NF architecture exhibited enhanced osteogenic differentiation and
mineralization compared to SW architecture. 3D culture and supplementation of media with
osteogenic growth factors further enhanced the effects of NF architecture over SW architecture
on ESC differentiation. NF scaffolds with osteogenic growth factors provided the best
environment for ESC osteogenic differentiation and mineralization.
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Figure 1.
Expression of bone differentiation markers on nanofibrous (Nano) thin matrices, flat films
(Solid) and gelatin-coated tissue culture plastic (Control) with various media supplementations
((D) basic differentiation media, (O) osteogenic media, and (B) BMP media) after 3 weeks of
culture.
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Figure 2.
Expression of bone differentiation markers on 2D nanofibrous thin matrices (N), flat films (S)
and control (C), as well as on 3D nanofibrous (N) and solid-walled (S) scaffolds in BMP media
over 2 weeks of culture.
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Figure 3.
Expression of bone differentiation markers on nanofibrous scaffolds: (A) type I collagen, and
(B) osteocalcin expression in BMP media and TBI media over 2 weeks. * denotes a p<0.05.
** denotes a p<0.01.
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Figure 4.
Expression of bone differentiation markers on nanofibrous (Nano) and solid-walled (Solid)
scaffolds after 4 weeks of culture in TBI media. * denotes a p<0.05. ** denotes a p<0.01.

Smith et al. Page 14

Biomaterials. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Calcium staining over 4 weeks of culture on nanofibrous matrices (Nano), flat films (Solid)
and Control in TBI media
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Figure 6.
(A) Histology of cellular (H&E) and calcium (Alizarin Red) staining over 4 weeks of culture
on nanofibrous (Nano) and solid-walled (Solid) scaffolds in TBI media. Scale bar =500μm.
(B) Quantification of scaffold calcium content after 4 weeks of culture in TBI media. (C)
Quantification of scaffold collagen content after 4 weeks of culture in TBI media. ** denotes
a p<0.01.
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Figure 7.
Immunofluorescence staining of late bone differentiation (Osteocalcin-red) and neuronal
(TUJ1-green) marker expression over 4 weeks of culture in TBI media on nanofibrous (Nano),
solid-walled (Solid) scaffolds. Scale bar =50μm.
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Figure 8.
Protein adsorption to materials after exposure to medium containing fetal bovine serum
(differentiation medium) or exposure to original fetal bovine serum for 4 hrs: (A) Protein
amounts adsorbed onto nanofibrous scaffolds (Nano) and solid-walled scaffolds (Solid) in
serum-containing media, determined using the Micro BCA assay; ** denotes a p-value < 0.01.
(B) Western blots of fibronectin adsorbed onto nanofibrous scaffolds (Nano) and solid-walled
scaffolds (Solid) treated with serum-containing media or original fetal bovine serum.
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Table 1
Media formulations used for ESC culture and differentiation

Media Title Media Formulations

ESC Media DMEM supplemented with 10% FBS, 10−4M β-mercaptoethanol, 0.224 μg/ml L-glutamine, 1.33 μg/ml HEPES and
1,000 units/ml human recombinant LIF.

EB Media DMEM supplemented with 10% FBS, 10−4M β-mercaptoethanol, 0.224 μg/ml L-glutamine, and 1.33 μg/ml HEPES.
For osteogenic cultures 1 μM dexamethasone, 50 mg/mL ascorbic acid and 10 mM β-glycerol phosphate were added.

Differentiation Media DMEM supplemented with 20% FBS, 10−4M β-mercaptoethanol, 0.224 μg/ml L-glutamine, and 1.33 μg/ml HEPES.

Osteogenic Media DMEM supplemented with 20% FBS, 10−4M β-mercaptoethanol, 0.224 μg/ml L-glutamine, 1.33 μg/ml HEPES 1 μM
dexamethasone, 50 mg/mL ascorbic acid and 10 mM β-glycerol phosphate.

BMP Media DMEM supplemented with 20% FBS, 10−4M β-mercaptoethanol, 0.224 μg/ml L-glutamine, 1.33 μg/ml HEPES 1 μM
dexamethasone, 50 mg/mL ascorbic acid, 10 mM β-glycerol phosphate and 25ng/mL of BMP-2 for days 6–9 of
differentiation.

TBI Media DMEM supplemented with 20% FBS, 10−4M β-mercaptoethanol, 0.224 μg/ml L-glutamine, 1.33 μg/ml HEPES1 μM
dexamethasone, 50 mg/mL ascorbic acid, 10 mM β-glycerol phosphate 2.5 ng/mL of TGF-β1 for 2–5 days of
differentiation, 25 ng/mL of BMP-2 for days 6–9 of differentiation and 100ng/mL of IGF-1 for days 10–13 of
differentiation.
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