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Engineering biomaterials mimicking the biofunctionality of the extracellular matrix (ECM) is important in in-
structing and eliciting cell response. The native ECM is highly dynamic and has been shown to support cellular
attachment, migration, and differentiation. The advantage of synthesizing an ECM-based biomaterial is that it
mimics the native cellular environment. However, the ECM has tissue-specific composition and patterned
arrangement. In this study, we have employed biomimetic strategies to develop a novel collagen/chitosan
template that is embedded with the native ECM of differentiating human marrow stromal cells (HMSCs) to
facilitate osteoblast differentiation. The scaffold was characterized for substrate stiffness by magnetic resonance
imaging and nanoindentation and by immunohistochemical analysis for the presence of key ECM proteins. Gene
expression analysis showed that the ECM scaffold supported osteogenic differentiation of undifferentiated
HMSCs as significant changes were observed in the expression levels of growth factors, transcription factors,
proteases, receptors, and ECM proteins. Finally, we demonstrate that the scaffold had the ability to nucleate
calcium phosphate polymorphs to form a mineralized matrix. The results from this study suggest that the three-
dimensional native ECM scaffold directly controls cell behavior and supports the osteogenic differentiation of
mesenchymal stem cells.

Introduction

Regeneration or repair of native tissues requires scaf-
folds, appropriate cell types, and cell signaling molecules.

The purpose of the scaffold is to provide mechanical support
and a microenvironment for cells. However, the desired cel-
lular response is currently triggered by several approaches
such as controlled release of signaling molecules, use of ge-
netically engineered cells that constitutively express the de-
sired factors, or coupling signaling molecules to the
scaffolds.1,2 These approaches have significant drawbacks
such as inconsistent release kinetics, unpredictable diffusion
rates of released molecules, risk of oncogenic transformation
of transfected cells, and loss of activity of coupled mole-
cules.1,2 Often times, scaffolds are selected based on their
ability to promote adhesion and proliferation of the desired
cell types. Although several of the scaffolds used for tissue
engineering applications are derived from extracellular matrix
(ECM) proteins or polymers designed to mimic ECM proteins,
they do not mimic the native ECM, and therefore, in vivo-like
behavior of the embedded cells cannot be obtained. To over-
come the aforementioned drawbacks, the cellular response
needs to be triggered by engineering a scaffold mimicking the
extracellular environment of native tissue.

In tissues, cells are surrounded by their ECM. The native
ECM is a complex entity comprising of structural pro-
teins (primarily collagen) that provide support, proteogly-
cans and hyaluronan that can bind to growth factors, and
specialized multi-adhesive proteins that bind cells to the
matrix.3–8 Although ECM proteins can be categorized, a
majority of them are multifunctional and they can also
transmit biochemical signals that influence cell migration,
proliferation, and differentiation. The composition of the
ECM is unique for each cell type and tissue. The ECM of
mesenchymal cells contains collagen type I, III, IV, and V,
fibronectin, laminin, and other structural proteins along with
proteoglycans such as perlecan, syndecan, and biglycan.3–5

Published reports demonstrate that the ECM of mesenchy-
mal stem cells (MSCs) helps maintain the ‘‘stemness’’ when
undifferentiated mesenchymal cells were cultured on it.6

Recent studies have also shown that the ECM of MSCs cul-
tured in osteogenic medium influence the differentiation of
these stem cells toward an osteoblastic lineage.7,8 Therefore,
it is reasonable to expect that engineered native ECM scaf-
folds will play a significant role in future tissue engineering
applications.

In the present study, we have fabricated a three-dimensional
(3D) biomimetic scaffold for bone tissue engineering that

Departments of 1Oral Biology, 2Bioengineering, and 3Restorative Dentistry, University of Illinois, Chicago, Illinois.

TISSUE ENGINEERING: Part A
Volume 18, Numbers 3 and 4, 2012
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ten.tea.2011.0136

295



could trigger differentiation of marrow stem cells toward an
osteogenic lineage. For skeletal tissue regeneration, human
marrow stromal cells (HMSCs) serve as a good source for
adult stem cells as they can differentiate into osteoblasts,
chondrocytes, or adipocytes depending on the microenvi-
ronment.9 Further, these cells are relatively easy to isolate
from patients and can be expanded in culture. Differentiating
HMSCs embedded in a collagen and chitosan copolymer was
used to prepare the ECM scaffold. These cells secreted a
functional ECM after several days in osteogenic culture.

Our rationale for this study is that an osteogenic ECM-
embedded collagen/chitosan scaffold would provide a cell-
instructive structural framework that would induce the
differentiation of mesenchymal cells (HMSCs) into osteo-
genic cells and promote nucleation of calcium phosphate
polymorphs. We tested this hypothesis by analyzing the
expression of osteoblast markers using quantitative real-time
polymerase chain reaction (PCR) to assess osteogenic dif-
ferentiation and performed in vitro mineralization assay to
test the functionality of the scaffold with respect to miner-
alized matrix formation.

Materials and Methods

Cell culture

HMSCs were used throughout this study. HMSCs isolated
from the iliac crest of normal adult donors were obtained
from NIH-funded center for research resources, Tulane
Center for the preparation and distribution of adult stem
cells.10 Cells obtained from passage 3 were utilized for all
experiments. Cells were cultured in minimum essential
medium–alpha (Gibco) containing 20% fetal bovine serum

(Gibco), 1% l-glutamine (Gibco), and 1% antibiotic–antimycotic
cocktail (Gibco).

Fabrication of ECM scaffold

HMSCs (2 · 106 cells/mL) were embedded in a 1:1 co-
polymer matrix consisting of 1 mg/mL type I collagen and
1 mg/mL chitosan as previously described.11 A 1:1 matrix
was selected based on our earlier study8 that indicated that
this ratio was ideal for mesenchymal cell culture. This ratio
provided the perfect mix of hydrogel stability combined with
proliferation rate similar to that of type I collagen hydrogel.
The cells were cultured for 48 h in growth media. Subse-
quently, differentiation media containing 100 mg/mL
ascorbic acid, 10 mM b-glycerophosphate, and 10 mM dexa-
methasone was used for culturing the cells for 2 weeks. At
the end of 2 weeks, the cells were treated with buffer 1
(10 mM sodium phosphate, 150 mM sodium chloride, and
0.5% Triton X-100) for 30 min at 37�C in a tissue culture in-
cubator. The buffer was then changed to buffer 2 (25 mM
ammonium hydroxide) and the scaffolds were incubated for
20 min at 37�C. Finally, the scaffolds were washed three
times in Hanks balanced salt solution (HBSS) containing no
calcium or magnesium. Scaffolds were then subjected to
three freeze–thaw cycles in liquid nitrogen and in a 37�C cell
culture incubator, respectively. Finally, the scaffolds were
washed three times in HBSS and treated with DNAse (Gibco)
at 37�C for 30 min to remove traces of DNA bound to the
matrix. The scaffolds were then washed four times in HBSS
and stored at 4�C in HBSS containing 5% antibiotic–
antimycotic cocktail (Gibco). These scaffolds were used for
further cell culture experiments. The flow chart in Figure 1 is
a schematic representation of the procedure.

FIG. 1. Model representing the experi-
mental setup. It is a schematic represen-
tation that depicts the different steps
involved in the generation of the ECM
scaffold. ECM, extracellular matrix. Color
images available online at www
.liebertonline.com/tea
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Immunohistochemical analysis

The ECM and control scaffolds were fixed in 4% para-
formaldehyde, dehydrated, and embedded in paraffin.
About 5mm sections were cut using a microtome and
mounted onto glass slides. The sections were deparaffinized
in xylene and rehydrated by incubating in graded ethanol
solutions. The sections were quenched by incubation in
3% hydrogen peroxide solution for 30 min. Immuno-
histochemical analysis was performed using the Vecta Stain
ABC peroxidase kit (Vector Labs) according to the manu-
facturer’s protocol and developed using the DAB kit
(Vector Labs). The primary antibodies used were (a) mouse
monoclonal anti-dentin matrix protein 1 (DMP1) antibody
(1/2000) (a gift from Dr. Chunlin Qin, Baylor College of
Dentistry, University of Texas), (b) rabbit polyclonal anti-
fibronectin antibody (1/100; Sigma), (c) rabbit polyclonal
anti-phosphorylated serine antibody (1/100; Sigma), (d)
rabbit polyclonal anti-osteopontin antibody (1/100; a gift
from Dr. Larry Fisher, NIH), and (e) rabbit polyclonal anti-
bone sialoprotein (BSP) antibody (1/100; a gift from
Dr. Larry Fisher, NIH). Immunohistochemistry was also
performed using fluorescently tagged secondary antibodies.

Immunofluorescence and confocal microscopy

HMSCs were cultured either on control or ECM-embedded
scaffolds as previously described for a period of 2 weeks.
The scaffolds were then fixed in 4% paraformaldehyde,
permeablized with PBS containing 0.5% Triton X-100, and
stained for filamentous actin using phalloidin conjugated
with TRITC (for red fluorescence). The samples were then
imaged using a Zeiss LSM 510 confocal microscope. Z-stacks
of the sections were taken at 1mm intervals and re-
constructed using the Zeiss imaging software. Scaffold sec-
tions immunostained with fluorescently tagged secondary
antibodies were imaged using the Zeiss LSM 510 Meta
confocal microscope.

Calcium phosphate nucleation
on ECM-embedded scaffolds

Nucleation of calcium phosphate polymorphs was carried
out using two different techniques on the ECM-embedded
scaffolds and control scaffolds. In the first technique, nucle-
ation was carried out in the presence of physiological con-
centrations of calcium and phosphate ions as previously
described.12 Briefly, the scaffolds were placed into a channel
connecting two halves of an electrolyte cell, one compart-
ment containing calcium buffer (165 mM NaCl, 10 mM
HEPES, and 2.5 mM CaCl2 [pH 7.4]) and the other phosphate
buffer (165 mM NaCl and 10 mM HEPES KH2PO4 [pH 7.4]).
A small electric current of 1 mA was passed through the
system to facilitate movement of ions across the samples. The
buffers were changed regularly (twice daily) to maintain a
constant pH. The samples were subjected to nucleation for a
period of 2 weeks. In the second technique, nucleation was
carried out under high concentrations of calcium and phos-
phate. Briefly, the scaffolds were immersed in a 1 M calcium
chloride solution for a period of 30 min. They were then
washed extensively in water to remove any nonspecifically
bound calcium and then immersed in a 1 M sodium phos-
phate solution for a period of 30 min. The samples were then

washed in water and fixed in neutral buffered 4% parafor-
maldehyde solution.

Electron microscopy

Electron microscopy was performed on the ECM-embedded
scaffolds before and after nucleation of calcium phos-
phate and also on scaffolds seeded with HMSCs. For scaf-
folds seeded with HMSCs, the samples were fixed 48 h
postseeding in 4% paraformaldehyde. The scaffolds were
dehydrated in graded ethanol solutions and then dried with
hexamethyldisilazane. The samples were mounted onto
scanning electron microscopy (SEM) grids, sputter coated,
and examined under a field emission scanning electron mi-
croscope ( JSM-6320F, LEO Gemini 1525 sFEG) or under a
variable pressure Hitachi S-3000N SEM without sputter
coating for samples mineralized under high concentrations
of calcium and phosphate. For energy-dispersive X-ray
(EDX) analysis, the samples were imaged and analyzed
using a Hitachi S-3000N variable pressure SEM without
coating.

Nanoindentation

All measurements were performed at room temperature
using a calibrated TI-700 Ubi nanoindentation system (Hy-
sitron, Inc.). The tip used was a standard cono-spherical di-
amond tip with a radius of *100 mm. A trapezoidal load
pattern with loading time of 5 s, a hold time segment of 40 s
(to allow the viscoelastic creep to dissipate prior to unload-
ing), and an unloading time segment of 5 s was used, with a
maximum load of 50/20mN. Indents were made at intervals
of about 20mm apart and 12 indents were made across each
sample starting at visually selected test sites. The reduced
modulus was calculated using the Oliver Pharr method and
the hardness was calculated using the following formula:
H = Pmax/Ar, where Pmax = maximum load and Ar = residual
indentation area.

Magnetic resonance imaging

The magnetic resonance imaging (MRI) measurements
were performed on control collagen/chitosan scaffold and
ECM-embedded scaffold using a Bruker 500 MHz (11.7 T)
microimaging facility at UIC. The Bruker microimager uses
56 mm vertical bore magnet (Oxford Instruments) and a
Bruker DRX-500 MHz Avance Spectrometer (Bruker Instru-
ments) controlled by a Silicon Graphics SG12 and a Bruker
imaging software Paravision 4.0. The system is equipped
with a Bruker linear triple axis gradient system with a
maximum magnetic field gradient strength of 200 G/cm and
micro 5 imaging probes. All experiments were performed
using commercial Bruker 10 mm RF saddle coils on this
probe. T1 quantification was done using pulse sequence
RAREVTR (RARE with variable repetition time).13 The ex-
perimental parameters were FOV = 1.2 · 1.2 cm, matrix
size = 32 · 32, slice thickness = 2.5 mm, TE = 13 ms, and
TR = 104.6, 207.4, 317.6, 436.6, 565.9, 707.4, 863.7, 1038.1,
1235.5, 1462.9, 1731.0, 2057.8, 2476.1, 3058.2, 4022.2, and
7500.0 ms. The T2 maps were calculated using the pulse se-
quence multislice multiecho.14 The experimental parameters
were FOV = 1.2 · 1.2 cm, matrix size = 128 · 128, slice thick-
ness = 2.5 mm, TR = 2 s, and TE = 32 linearly spaced echoes
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with a step of 10 ms. The apparent diffusion maps were
calculated using the standard DTI pulse sequence.15,16 The
experimental parameters were FOV = 0.8 · 0.8 mm (control)
and 1.2 · 1.2 cm (scaffold), matrix size = 64 · 64, slice thick-
ness = 2.5 mm, TE = 24 ms, TR = 1.5 s, b-value = 10, 20, 30, 50,
100, 300, 500, 700, 800, and 1000 ms.

Quantitative real-time RT-PCR

HMSCs (1 · 106 cells) were seeded onto either control
scaffolds (1:1 collagen:chitosan scaffold) or onto the ECM
scaffolds. The cells were cultured in growth medium for ei-
ther 2 or 4 weeks with media changed once in 2 days. Tri-
plicate scaffolds from each group were processed for RNA
isolation using Trizol reagent (Invitrogen) as per the manu-
facturer’s protocol and purified using the SA Biosciences
RNA isolation kit. cDNA synthesis was performed using the
First strand kit (SA Biosciences) as per the manufacturer’s

protocol. Quantitative real-time RT-PCR array was per-
formed for the osteogenesis pathway (SA Biosciences).
Changes in gene expression profile and the statistical sig-
nificance were calculated using the data analysis program
provided by the manufacturer.

Results

Identification of ECM components in the 3D scaffold

Immunohistochemical analysis of ECM-embedded scaf-
fold sections showed the presence of various ECM compo-
nents that are known to be present in the bone matrix. Apart
from structural proteins, noncollagenous proteins (NCPs) are
known to play a significant role both in the differentiation of
mesenchymal cells and in the nucleation of hydroxyapatite.
Immunohistochemical analysis revealed the presence of
NCPs such as DMP1 (Fig. 2A), BSP (Fig. 2B), osteopontin

FIG. 2. Immunohistochemical localization and SEM analysis of ECM components. (A–F) Representative images that show
the presence of dentin matrix protein 1, bone sialoprotein, osteopontin, thrombospondin, fibronectin, and phosphoserine,
respectively. (G, H) Rabbit and mouse secondary antibody controls, respectively. Scale bar: 50 mm for all images. (I) Re-
presentative image of DAPI-stained ECM scaffold showing absence of cellular DNA. Scale bar: 20mm for this image. SEM,
scanning electron microscopy. Color images available online at www.liebertonline.com/tea
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(Fig. 2C), and thrombospondin (Fig. 2D). Figure 2E shows
the presence of fibronectin and Figure 2F shows positive
staining with anti-phosphorylated serine antibody. Figure
2G and H are rabbit and mouse secondary antibody controls.
Sections from non–ECM-embedded control scaffolds (1:1
collagen:chitosan scaffolds) were stained with the same an-
tibodies. No positive staining was observed with the control
sections (data not shown). DAPI staining of the sections did
not show any positive stain, indicating absence of cellular
DNA (Fig. 2I). Immunohistochemistry was also performed
with fluorescently tagged secondary antibodies so that the
scaffolds could be imaged using a confocal microscope.
Supplementary Fig. S1 (Supplementary Data are available
online at www.liebertonline.com/tea) shows fluorescence
labeling of the ECM scaffold for the aforementioned proteins.
Additionally, proof of ECM deposition could also be wit-
nessed by SEM analyses with evidence of matrix being de-
posited in the shape of a cell (Supplementary Fig. S2).

MRI of the scaffold

MRI has potential to detect early changes such as stiffness
and porosity in growing tissue.17,18 These changes are re-
flected as changes in diffusion coefficient and relaxation
times. Imaging techniques were used to estimate the appar-
ent diffusion coefficients and T1 and T2 relaxation times in
the ECM scaffold with respect to the control collagen/
chitosan scaffold. Results in Figure 3 show diffusion and T1

and T2 relaxation maps for both the control and ECM scaf-
folds. Values were averaged over five randomly selected
areas in the scaffold (boxed regions in the images). As can be
seen from the graphical representation of the data, there was
a small change in the diffusion coefficient between the con-
trol and the ECM scaffold (Fig. 3A3), but was not statistically
significant. The values obtained were similar to the diffusion
coefficient of free water proton.19 This indicates that the
addition of several ECM proteins secreted by the cells onto

FIG. 3. Magnetic resonance imaging. (A1, A2) Representative apparent diffusion coefficient (ADC) slices of control and
ECM-embedded scaffolds, respectively. Boxed regions mark areas for which diffusion coefficients were calculated. (A3)
Graph showing ADCs for the control and ECM scaffold. Data represent mean – SD of the values from the five boxed regions.
(B1, B2) Representative T1 relaxation slices for control and ECM-embedded scaffolds, respectively. Boxed regions mark areas
for which T1 relaxation times were calculated. (B3) Graph showing T1 relaxation times for the control and ECM scaffold. Data
represent mean – SD of the values from the five boxed regions. (C1, C2) Representative T2 relaxation slices for control and
ECM-embedded scaffolds, respectively. Boxed regions mark areas for which T2 relaxation times were calculated. (C3) Graph
showing T2 relaxation times for the control and ECM scaffold. Data represent mean – SD of the values from the five boxed
regions.
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the scaffold will not affect the diffusion of nutrients within
the scaffold. However, there was a significant reduction
(measured by Student’s t-test) in both T1 (Fig. 3B3) and T2
(Fig. 3C3) relaxation times. For water proton, T1 and T2 re-
laxation times depend on the strength of dipolar couplings,
on the orientation and distance between the nuclei, and on
the motion. Additionally, scalar couplings also can affect T2
relaxation. As tissue stiffness changes, dipolar coupling be-
tween the spins is expected to be high and this change is
reflected as a change in relaxation times. Although the T1

and T2 relaxation data do not provide an absolute value for
the stiffness of the scaffold, they are indicative of the changes
in stiffness.20 The relaxation times are inversely proportional
to the stiffness of the material and a decrease in relaxation
time indicates an increase in the stiffness of the scaffold. The
T1 relaxation time decreased from 3.75 to 2.46 s and the T2

relaxation time decreased from 65 to 32 ms.

Nucleation of calcium phosphate polymorphs
on the ECM scaffold

Having identified several of the extracellular components,
we then proceeded to analyze whether the ECM scaffold had

the ability to nucleate calcium phosphate. Figure 4A is a SEM
image of the ECM-integrated scaffold before initiation of
mineralization. Calcium phosphate deposition was not ob-
served in this scaffold (data not shown). Results in Figure 4
are representative images that show the ECM scaffold facil-
itated calcium phosphate deposition both under physiologi-
cal (Fig. 4B1, B2) as well as in the presence of high
concentrations (Fig. 4C1, C2) of calcium and phosphate ions.
Under physiological concentrations, the control scaffold did
not initiate nucleation of calcium phosphate polymorphs
(Fig. 4D1, D2). As the control scaffold was difficult to handle,
it was fixed onto a cover glass. The silicon peak that can be
seen in the EDX analysis is from the cover glass. Under high
calcium and phosphate conditions, the fibrils in the ECM
scaffold were highly mineralized (Fig. 4C1) and EDX anal-
ysis revealed a Ca/P ratio of 1.62 (n = 5, s.e.m. = 0.114), sug-
gesting formation of hydroxyapatite as in native bone.
Nucleation of calcium phosphate was observed in the control
scaffold as well, possibly because of the ability of chitosan to
bind metal ions (Fig. 4E1, E2). However, the mineral ap-
peared morphologically different when compared with the
ECM scaffold (Fig. 4E1). EDX analyses revealed a Ca/P ratio
of 1.21 (n = 6, s.e.m. = 0.02), indicating the presence of

FIG. 4. SEM analysis of mineralized and nonmineralized ECM scaffolds and their mechanical properties. (A) SEM mi-
crograph of the ECM-embedded scaffold before in vitro mineralization. (B1, B2) SEM micrograph of the ECM scaffold
subjected to in vitro mineralization under physiological concentrations of calcium and phosphate ions and EDX analysis,
respectively. (C1, C2) SEM micrograph of the ECM scaffold subjected to in vitro mineralization at high concentrations of
calcium and phosphate ions and EDX analysis, respectively. (D1, D2) SEM micrograph of the control scaffold subjected to
in vitro mineralization under physiological concentrations of calcium and phosphate ions and EDX analysis, respectively. (E1,
E2) SEM micrograph of the control scaffold subjected to in vitro mineralization at high concentrations of calcium and
phosphate ions and EDX analysis, respectively. (F) Graphical representation of the hardness data obtained by using a
nanoindenter for the ECM scaffold before mineralization and after mineralization under high concentrations of calcium and
phosphate ions. Data represent mean – s.e.m. EDX, energy-dispersive X-ray.
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amorphous calcium phosphate. Additionally, the hardness of
ECM scaffolds subjected to in vitro nucleation in the presence
of high concentrations of calcium and phosphate ions were
compared with the control ECM scaffold. Results in Figure
4F show that the hardness of the scaffold subjected to in vitro
mineralization increased approximately fourfold and was
statistically significant with a p-value of 0.002 (Student’s t-
test).

Clustering of HMSCs seeded on ECM scaffold

Confocal microscopy images were obtained for both con-
trol and ECM-embedded scaffolds to assess any possible
changes in the orientation and morphology of the attached
HMSCs. Figure 5 shows representative images of z-stacks
from this experiment. Figure 5A and A1 are different 3D
reconstructions of the z-stack images and show the distri-
bution of HMSCs on control scaffold after 2 weeks of culture.
Images depict homogenous distribution of the cells within
the scaffold. Figure 5B and B1 are similar reconstructions to
show the distribution of HMSCs on the ECM scaffold after 2
weeks. Comparing the images (5A to 5B and 5A1 to 5B1) it is
evident that the HMSCs on the ECM scaffold are more
clustered into nodule-like formations when compared with
the control. The circled areas in Figure 5B and B1 represent
such an arrangement in 3D. Clustering of cells and matrix
synthesis is an indicator of osteogenic differentiation and
mineralized nodule formation.21 This qualitative analysis
points toward a differentiating mesenchymal cell population
within the ECM scaffold.

ECM scaffold promotes cell–matrix
and cell–cell interactions

SEM analysis was performed on the ECM scaffold seeded
with HMSCs to observe cell–matrix and cell–cell interactions.
Figure 6A shows a cell process embedded in the scaffold
(white arrows). Figure 6A1 is a magnified image of the boxed
area in Figure 6A and shows the branching of the tip of the
cellular process used to adhere to the ECM scaffold. These
representative images indicate that the ECM scaffold pro-
motes cell–matrix interactions. Figure 6B shows two adjacent
cells on the ECM scaffold (marked as 1 and 2). The boxed
area in Figure 6B shows cellular processes that connect with
the adjacent cell. This is more evident in the magnified image
shown in Figure 6B1 (white arrows mark interacting pro-
cesses). Cell–cell and cell–matrix interactions facilitate signal
transduction and influence cellular behavior. Studies using
coculture systems have shown that cell–cell interactions be-
tween osteoblasts and MSCs induce osteogenic differentia-
tion of the MSCs.22 We believe that interaction between the
differentiating cells within the scaffold could induce signal
transduction, leading to the formation of a homogeneous
population of differentiating cells.

ECM scaffold induces osteogenic differentiation
of HMSCs in vitro

We tested the ability of the ECM-embedded scaffold to
facilitate differentiation of HMSCs into osteogenic cells in the
absence of external additives or growth factors. Osteoblast
gene expression analysis was performed by quantitative

FIG. 5. Clustering of
HMSCs on ECM scaffold.
(A, A1) Representative z-
stack projections of HMSCs
cultured on control collagen/
chitosan scaffold. (B, B1)
Representative z-stack pro-
jections of HMSCs cultured
on ECM-embedded colla-
gen/chitosan scaffold. Circles
depict clustering of HMSCs.
HMSC, human marrow
stromal cell. Color images
available online at www
.liebertonline.com/tea
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real-time RT-PCR and compared with HMSCs cultured on
control collagen/chitosan scaffolds. Table 1 shows the list of
osteoblast-specific genes that showed a significant change in
expression compared with control after 2 weeks in culture in
the ECM scaffold. Several osteoblast-specific genes showed
significant upregulation, indicating osteogenic differentia-
tion. Table 2 shows the list of genes that showed significant
difference in expression levels between 2 and 4 weeks of
culture in the ECM scaffold. Table 2 contains fewer genes
when compared with Table 1, as it only lists genes that
changed significantly between 2 and 4 weeks of culture.
Many genes present in Table 1 are not in Table 2. This is
because they did not undergo any statistically significant
change between 2 and 4 weeks of culture in the ECM scaf-
fold. On the other hand, there were a few genes such as
insulin-like growth factor 1 (IGF1), matrix metalloproteinase
8 (MMP8), and calcitonin receptor that were upregulated at 4
weeks, indicating a possible progression in differentiation.
Downregulation of certain genes in Table 2 may indicate that
they may be required only during early stages of differenti-
ation. Table 3 lists the genes that were significantly regulated
between 2 weeks of culture in the ECM scaffold compared
with 4 weeks of culture in the control scaffold. Almost all of
the genes expressed at 2 weeks (Table 1) showed significant
regulation in this comparison (Table 3), indicating that os-
teoblast differentiation genes were significantly expressed at
2 weeks of culture in ECM scaffold even when compared
with 4 weeks of culture in the control scaffold, although 4
weeks of culture in the control scaffold did show a certain
degree of differentiation possibly because of the 3D culture
conditions and also confluent population of cells leading to
differentiation.

Absence of chondrogenic and adipogenic
differentiation of HMSCs

HMSCs are multipotent and possess the ability to differ-
entiate into multiple cell types such as chondrocytes and

adipocytes besides osteoblasts. It is therefore important to
show that the osteogenic ECM scaffold does not induce
chondrogenic or adipogenic differentiation. Gene expression
analyses revealed the absence of chondrogenic and adipo-
genic differentiation of the HMSCs cultured in the ECM
scaffolds. Chondrogenic marker genes were analyzed by
real-time PCR and did not show any significant changes with
time in culture. Type II collagen expression (a hallmark for
chondrocytes) was low to begin with (Ct value of 34.5). It
reduced by 4.4-fold after 2 weeks in culture and returned to
basal levels by 4 weeks. There was no significant change in
the expression of chondrocyte-specific master transcription
factor Sox9. Additionally, MMP2, an inhibitor of mesenchy-
mal cell chondrogenic differentiation, was upregulated five-
fold after 2 weeks of culture in the ECM scaffold.

With respect to adipogenic differentiation, one of the pri-
mary marker genes for adipocyte differentiation is CD36.23

We did not see any significant changes in CD36 gene regu-
lation. Growth and differentiation factor 10 (GDF10) and
vitamin D receptor, both negative regulators of adipogen-
esis,24,25 were upregulated. GDF10 was upregulated 20-fold
and 8-fold after 2 and 4 weeks of culture in the ECM scaffold
as opposed to the control scaffold. Vitamin D receptor was
upregulated fourfold after 2 weeks of culture in the ECM
scaffold, suggesting an absence of induction of the adipocyte
differentiation pathway.

Discussion

Cells derive regulatory cues from the ECM and permit
them to organize into functional tissues. ECM contains many
macromolecules such as fibronectin, proteoglycans, colla-
gens, laminin, and sequestered growth factors. It is primarily
this molecular information that confers its bioactivity.18 The
multitude of ECM proteins presented to cells in a given tis-
sue is likely to be critical in determining how cells behave
within the tissue.26 Therefore, it is necessary for biomaterials
used in tissue engineering to provide cells with tissue-

FIG. 6. ECM scaffold
promotes cell–matrix and
cell–cell interactions. (A, A1)
Representative SEM images
showing cell–matrix
interactions. White arrows in
A indicate cellular processes
embedded in the scaffold.
(A1) High-magnification
image of the boxed area in A.
(B, B1) Representative images
showing cell–cell interactions
on the ECM scaffold.
Numbers 1 and 2 in B
indicate two adjacent cells.
(B1) Higher-magnification
image of the boxed area in B.
Arrows in B1 indicate points
of cell–cell interaction.
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specific biological cues. The present study highlights the
fabrication of ECM-embedded 3D scaffolds using collagen
and chitosan as a template for osteogenic differentiation.
Collagen was the material of choice as it is a major constit-
uent of bone and dentin ECM and self-assembles to form a
template for hydroxyapatite nucleation and growth.27 Sev-
eral published studies have used type I collagen as a scaf-
folding matrix coupled with hydroxyapatite, growth factors,

and other naturally occurring polymers such as chitosan for
tissue engineering.11,28–30 Chitosan was selected, as it is a
naturally occurring biopolymer that is obtained from dea-
cylation of chitin from crustaceans.31 Further, chitosan has
been shown to be biocompatible and biodegradable and is
being used in a variety of tissue engineering applications.32,33

Additionally, chitosan also possesses antimicrobial charac-
teristics,34 making it an attractive candidate for in vivo

Table 1. List of Genes That Are Significantly Regulated at the 2 Week Time Point When Human

Marrow Stromal Cells Were Cultured on the Extracellular Matrix-Embedded

Collagen/Chitosan Scaffold Compared with Control Collagen/Chitosan Scaffold

Gene symbol Description Fold change p-Value (t-test)

Growth factors
BMP6 Bone morphogenetic protein 6 9.31 0.075
EGF Epidermal growth factor 2.37 0.0494
FGF2 Fibroblast growth factor 2 4.75 0.00027
GDF10 Growth and differentiation factor 10 20.13 0.043
IGF2 Insulin-like growth factor 2 60.88 0.0217
TGFB1 Transforming growth factor b1 9.03 0.0011
TGFB3 Transforming growth factor b3 3.07 0.0040
VEGFB Vascular endothelial growth factor b 4.63 0.0006
PDGFA Platelet-derived growth factor A 7.4 0.00003

Transcription factors
MSX1 Msh homeobox 1 7.31 0.061
NFKB1 Nuclear factor kappa of B-cells 1 2.32 0.00065
RUNX2 Runt-related transcription factor 2 2.35 0.019
SMAD2 SMAD family member 2 1.56 0.05
SMAD3 SMAD family member 3 2.19 0.0056
SMAD4 SMAD family member 4 2.09 0.0025
VDR Vitamin-D receptor 4.10 0.0006

Phosphatases
MINPPI Multiple Inositol polyphosphate histidine phosphatase 1 4.07 0.0012
ALPL Alkaline phosphatase 9.8 0.0002

ECM proteins
BGN Biglycan 14.52 0.00002
COMP Cartilage oligomeric matrix protein 23.17 0.0006
COL10A1 Collagen type X, alpha 1 2.72 0.0009
COL11A1 Collagen type XI, alpha 1 4.14 0.0015
COL12A1 Collagen type XII, alpha 1 4.02 0.002
COL14A1 Collagen type XIV, alpha 1 3.56 0.006
COL15A1 Collagen type XV, alpha 1 5.44 0.002
COL1A1 Collagen type I, alpha 1 15.7 0.003
COL1A2 Collagen type I, alpha 2 8.63 0.0015
COL3A1 Collagen type III, alpha 1 10.67 0.0001
COL4A3 Collagen type IV, alpha 3 3.13 0.11
COL5A1 Collagen type V, alpha 1 9.36 0.002
FN1 Fibronectin 1 1.94 0.064
COL2A1 Collagen type II, alpha 1 - 4.42 0.057

Proteases
BMP1 Bone morphogenetic protein 1 6.42 0.0012
MMP2 Matrix metalloproteinase 2 5.10 0.0025

Receptors
CDH11 Cadherin 11 2.66 0.0055
EGFR Epidermal growth factor receptor 2.03 0.067
FGFR1 Fibroblast growth factor receptor 1 2.83 0.002
FGFR2 Fibroblast growth factor receptor 2 4.15 0.00007
FLT1 Vascular endothelial growth factor receptor 1 11.48 0.013
ICAM1 Intercellular adhesion molecule 1 1.95 0.08
IGF1R Insulin-like growth factor 1 receptor 2.66 0.0014
SCARB1 Scavenger receptor class B, member 1 3.11 0.003
TGFBR2 Transforming growth factor b receptor II 2.38 0.0015
ITGA3 Integrin alpha 3 2.16 0.04

Data represent mean of triplicate experiments. p-Value was obtained from the Student’s t-test.

BIOMIMETIC ECM SCAFFOLD 303



applications. We have previously published that a scaffold
containing a blend of type I collagen with chitosan increased
the mechanical properties of the matrix and that the cellular
proliferation rate could be manipulated by varying the
composition of the components in a 3D coculture system.11

Addition of chitosan to collagen hydrogels increases their
mechanical strength by coating the collagen fibers,35 but re-
duces the proliferation rate of embedded cells.35 Ad-
ditionally, collagen–chitosan hydrogel maintains its shape
better when compared with plain collagen hydrogel that
collapses with time in culture. A detailed characterization of
collagen–chitosan hydrogel blends has been previously
published by Dr. Desai’s group.35

Immunohistochemical analysis of the ECM scaffold dem-
onstrated the presence of key matrix molecules synthesized
by osteoblasts. Among them were DMP1, osteopontin,
thrombospondin, and BSP. We have published earlier that
DMP1 is present in the ECM of bone and binds to type I
collagen and functions as a hydroxyapatite nucleator.12,36

Both osteopontin and BSP are secreted NCPs that possess
both collagen and calcium binding properties.37 Thrombos-
pondin is an ECM protein important for bone remodeling
and for differentiation of MSCs (possibly through notch
signaling).38 The presence of phosphorylated ECM proteins
was observed using the phosphorylated serine-specific anti-
body. Phosphoproteins play an important role during bone
formation and perform dual functions, namely, serve as a
nucleator or inhibitor of hydroxyapatite and also function as
signaling molecules.39 Fibronectin, a key ECM cell-adhesive
component was also identified. The presence of these ECM
proteins suggests that the scaffold can provide the necessary
microenvironment required for osteoblast differentiation.

The ideal scaffold for bone tissue engineering should have
the ability to nucleate calcium phosphate polymorphs.
In vitro nucleation assays were performed to test the ability of

the fabricated ECM scaffold to nucleate calcium phosphate.
The assays showed calcium phosphate deposition in the
presence of both physiological concentrations as well as high
concentrations of calcium and phosphate ions. It was inter-
esting to note that the presence of ECM components within
the scaffold triggered nucleation of hydroxyapatite as op-
posed to amorphous calcium phosphate in control scaffolds.
Higher concentrations of calcium and phosphate were used
to test the possibility of coating the ECM scaffold with cal-
cium phosphate as they are known for their osteoconductive
and osteoinductive properties. Substrate stiffness is known
to affect cell spreading, growth rate, gene expression, and
osteogenic differentiation of undifferentiated stem cells. In
this study, MRI was used to determine the stiffness of the
scaffold. Results indicated that the ECM scaffold demon-
strated a significant increase in the stiffness when compared
with the control collagen/chitosan scaffold. This change in
stiffness of the scaffold can contribute toward cellular dif-
ferentiation. Additionally, the diffusion constant of water in
the ECM scaffold remained unaltered when compared with
the control, suggesting that the deposition of the ECM will
not affect the diffusion of nutrients.

One of the powerful advantages of using the ECM scaf-
folds for tissue engineering is that their cell-instructive ability
can induce lineage-specific differentiation of precursor cells.
In this study, we focused on the ability of the ECM scaffold
to drive HMSCs toward an osteogenic lineage. Our results
indicate that the ECM scaffold was able to induce differen-
tiation by upregulation of several growth factors, transcrip-
tion factors, ECM components, proteases, and receptors.
More importantly, these changes were brought about with-
out the need for growth factors or differentiating agents.
Genes that were significantly regulated as a result of the
instructive ECM matrix were grouped into the following
categories:

Table 2. List of Genes That Are Significantly Regulated Between the 2 and 4 Week Time Point

When Human Marrow Stromal Cells Were Cultured on the Extracellular

Matrix-Embedded Collagen/Chitosan Scaffold

Gene symbol Description Fold change p-Value

Growth factors
BMP3 Bone morphogenetic protein 3 3.24 0.029
BMP4 Bone morphogenetic protein 4 - 2.56 0.05
BMP5 Bone morphogenetic protein 5 9.01 0.015
IGF1 Insulin-like growth factor 1 2.04 0.007
GDF10 Growth and differentiation factor 10 8.36 0.021
TGFB3 Transforming growth factor b3 - 2.50 0.032
PDGFA Platelet derived growth factor alpha - 1.80 0.014

ECM proteins
BGLAP Bone gamma-carboxyglutamate (gla) protein - 3.2 0.002
COL2A1 Collagen type II, alpha 1 4.94 0.042

Proteases
BMP1 Bone morphogenetic protein 1 - 1.69 .046
MMP8 Matrix metalloproteinase 8 3.45 0.037

Receptors
CALCR Calcitonin receptor 5.87 0.001
FGFR1 Fibroblast growth factor receptor 1 - 2.40 0.007
FLT1 Vascular endothelial growth factor receptor 1 - 2.45 0.045

The ( - ) sign before the fold change indicates downregulation. Data represent mean of triplicate experiments. p-Value was obtained from
the Student’s t-test.
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Growth factors

Several growth factors were upregulated significantly
when HMSCs were cultured on ECM-embedded scaffolds. In
the TGFb/BMP (transforming growth factor b/bone mor-
phogenetic protein) superfamily of proteins that are critical
for osteogenesis, BMP6, GDF10, and TGFb1 and 3 were up-
regulated at 2 weeks. Additionally, TGFb3 that was upre-
gulated at 2 weeks was downregulated at 4 weeks (Table 2),
suggesting that it may be an early event in the osteogenesis
pathway. BMP6 has been shown to induce osteoblast dif-
ferentiation by phosphorylating SMADs 1 and 540 and also is
constitutively expressed at higher levels following fracture.41

TGFb1 is expressed constitutively in bone and in higher
levels immediately following fracture,41 suggesting that it is
required for osteoblast differentiation and maintenance of
bone. However, TGFb3 is upregulated after fracture, sug-
gesting its necessity in the formation of new bone and in the
differentiation of mesenchymal cells at the fracture site.41

GDF10/BMP3b showed an increase of 20-fold at 2 weeks
compared with control scaffold at the same time point (Table
1). GDF10/BMP3b is upregulated immediately following
fracture and is constitutively expressed at a higher level
throughout osteogenesis. GDF10 is therefore required
throughout the process of osteogenesis.41 In our experiments,
GDF10 was upregulated at both 2 and 4 weeks of culture
(Tables 1 and 2). GDF10 is also a negative regulator of adi-
pogenesis. Between 2 and 4 weeks in the ECM scaffold,
BMP3 and BMP5 were upregulated and BMP4 was down-
regulated (Table 2). The fact that BMPs 3 and 5 were upre-
gulated at 4 weeks suggests that these BMPs could be
required at later stages of osteogenic differentiation. The
upregulation of the aforementioned growth factors by
HMSCs cultured in the ECM scaffold indicates that the
scaffold favors the osteogenic differentiation of these cells.

Recently, IGF2 has been shown to induce the differentia-
tion of marrow stromal cells by potentiating BMP9.42 Ad-
ditionally, BMP9 has been found to be the most potent of

Table 3. List of Genes That Are Significantly Regulated When the 2-Week Culture of Human Marrow

Stromal Cells Cultured on the Extracellular Matrix-Embedded Collagen/Chitosan Scaffold

Were Compared with the 4-Week Culture of Human Marrow Stromal Cells

Cultured in Control Collagen/Chitosan Scaffold

Gene symbol Description Fold change p-value [t-test]

Growth factors
BMP4 Bone morphogenetic protein 4 4.58 0.038
EGF Epidermal growth factor 2.13 0.056
IGF2 Insulin-like growth factor 2 10.04 0.03
TGFB1 Transforming growth factor b1 3.93 0.011
VEGFB Vascular endothelial growth factor b 3.34 0.008
PDGFA Platelet-derived growth factor A 3.18 0.003

Transcription factors
NFKB1 Nuclear factor kappa of B-cells 1 1.9 0.003
RUNX2 Runt-related transcription factor 2 2.3 0.021
SMAD3 SMAD family member 3 2.17 0.027
VDR Vitamin-D receptor 2.73 0.015

Phosphatases
ALPL Alkaline phosphatase 4.83 0.0007
MINPP1 Multiple inositol polyphosphate histidine phosphatase 1 2.03 0.009

ECM proteins
BGLAP Bone gamma-carboxyglutamate (gla) protein 3.68 0.028
BGN Biglycan 5.18 0.002
COMP Cartilage oligomeric matrix protein 6.15 0.002
COL10A1 Collagen type X, alpha 1 4.31 0.011
COL11A1 Collagen type XI, alpha 1 4.10 0.002
COL12A1 Collagen type XII, alpha 1 2.3 0.027
COL15A1 Collagen type XV, alpha 1 4.63 0.027
COL1A1 Collagen type I, alpha 1 7.9 0.009
COL1A2 Collagen type I, alpha 2 4.3 0.022
COL3A1 Collagen type III, alpha 1 4.28 0.006
COL5A1 Collagen type V, alpha 1 4.93 0.008
SERPINHI Serpin peptidase inhibitor, clade H (heat shock protein 47),

member 1, (collagen binding protein 1)
3.76 0.036

Proteases
BMP1 Bone morphogenetic protein 1 2.53 0.054
MMP10 Matrix metalloproteinase 10 - 26.08 0.044

Receptors
CDH11 Cadherin 11 2.84 0.027
FGFR1 Fibroblast growth factor receptor 1 3.56 0.043
FGFR2 Fibroblast growth factor receptor 2 3.35 0.0008
FLT1 Vascular endothelial growth factor receptor 1 2.83 0.031

p-Value was obtained from the Student’s t-test.
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BMPs in terms of osteogenic ability, surpassing even BMP2.43

In this context, it was interesting to note a 60-fold increase in
IGF2 expression in HMSCs cultured for 2 weeks on ECM
scaffold (Table 1).

All of the aforementioned growth factors directly affect
the differentiation of mesenchymal cells. On the other hand,
vascular endothelial growth factor (VEGF) and platelet-
derived growth factor alpha (PDGFA) are mitogenic and an-
giogenic factors that induce the migration of endothelial cells
to promote angiogenesis in vivo. Promotion of angiogenesis
is an extremely important property to be considered if the
scaffold has to be successful for in vivo bone regeneration.
Additionally, upregulation of angiogenic factors also indi-
cates osteogenic differentiation of these cells as opposed to
chondrogenic differentiation that the HMSCs are capable of.
VEGFB was upregulated fivefold after 2 weeks of culture in
the ECM scaffold compared with the control scaffold (Table
1) and did not show any significant change after 4 weeks.
PDGFA was upregulated sevenfold at 2 weeks (Table 1) and
subsequently downregulated by twofold between 2 and 4
weeks (Table 2). Interestingly, BMP4, TGFb1, epidermal
growth factor (EGF), IGF2, GDF10, VEGFB, and PDGFA were
all upregulated significantly when data from 2-week ECM
scaffold culture and 4-week control culture (Table 3) was
compared. This indicates that although 3D culture might
induce differentiation of HMSCs to an extent, a 2-week cul-
ture in ECM scaffold significantly accelerates the induction of
growth factors when compared with even 4 weeks of HMSC
culture in the control scaffold. Another growth factor that
was upregulated at 2 weeks was EGF (2.4-fold; Table 1). EGF
upregulation was maintained at twofold when 2-week ECM
scaffold culture was compared with 4-week control scaffold
culture (Table 3), indicating that there was no change in EGF
expression when the cells were grown in the control scaffold.

ECM components

HMSCs cultured on the ECM scaffold showed significant
upregulation of several genes encoding ECM proteins. Al-
most all types of collagens were upregulated. Type I collagen
was upregulated 16-fold, indicating osteogenic differentiation
(Table 1). Proteoglycans such as biglycan (14.5-fold) and car-
tilage oligomeric matrix protein (COMP) (23-fold) were also
significantly upregulated (Table 1). Published reports indicate
that biglycan may modulate osteoblast differentiation44 and
may also be involved in the nucleation of hydroxyapatite.45

COMP has been reported to be expressed by both embryonic
and adult osteoblasts.46 Immunostaining and in situ hybrid-
ization in published reports have shown the presence of
COMP in the bone collar, the newly formed bone near the
growth plate and in the diaphysis of a 21-day human fetus.46

All the genes encoding ECM proteins that were upregu-
lated as shown in Table 1 (except COMP) were significantly
upregulated when 2-week ECM scaffold culture was com-
pared with 4-week control scaffold culture (Table 3). The
expression level of type II collagen gene in control HMSCs
was very low (average Ct value of 34.5). With 2 weeks of
culture in the ECM scaffold, the expression of type II colla-
gen decreased 4.4 times (Table 1). The expression was re-
turned to basal levels at 4 weeks (Table 2), suggesting that
the pluripotent HMSCs are not undergoing chondrogenic
differentiation.

Phosphatases

Alkaline phosphatase (ALP) and multiple inositol poly-
phosphate histidine phosphatase 1 (MINPP1) are key phos-
phatases necessary for bone formation. ALP was upregulated
10-fold and MINPP1 was upregulated fourfold in the 2-week
ECM scaffold cultures compared with control cultures (Table
1). Phosphatases are known to cleave phosphates from sev-
eral matrix proteins. The cleaved phosphate is responsible
for the formation of calcium phosphate crystals. It is possible
that the phosphorylated proteins present in the ECM could
trigger downstream signaling events leading to upregulation
of ALP in the ECM scaffolds. Upregulation of these genes
suggests that the cells are possibly differentiating into oste-
oblasts.

Proteases

Functions of the proteases range from remodeling the
ECM network to activating and deactivating different pro-
teins by cleaving them at specific sites. After 2 weeks of
culture in the ECM scaffold, two proteases were upregulated
compared with the control scaffold. They are BMP1 (6.4-fold)
and MMP2 (5-fold) (Table 1). Loss of MMP2 has been at-
tributed to decreased mineralization and defects in the
growth of osteoblasts and osteoclasts.47 MMP2 has also been
implicated as a negative regulator of chondrogeneis.48 BMP1,
also know as procollagen peptidase functions to cleave
procollagen types I, II, and III. Upregulation of BMP1 might
indicate processing of collagens and other matrix proteins
such as DMP1. However, BMP1 was downregulated 1.7-fold
at 4 weeks (Table 2); correspondingly, no significant change
in collagen expression was observed at 4 weeks. MMP2
levels did not show a significant change between 2 and 4
weeks of culture on the ECM scaffolds. Additionally, MMP 8
was upregulated 3.5 times at 4 weeks (Table 2). Comparing
the gene expression patterns at 2-week culture on the ECM
scaffold with 4-week culture on the control scaffold, BMP1
remained upregulated 2.5-fold (Table 3). An interesting ob-
servation was the 26-fold downregulation of MMP10 (stro-
mylysin 2) expression by HMSCs in the 2-week ECM scaffold
culture compared with 4-week control scaffold culture (Table
3). Based on the observation that expression of osteoblast
differentiation markers in the control scaffold lags behind the
ECM scaffold, it can be hypothesized that MMP10 upregu-
lation could be an early event during osteogenesis.

Transcription factors

Several transcription factors required for osteoblast dif-
ferentiation were upregulated when HMSCs were cultured
on ECM scaffolds. Runt-related transcription factor 2
(RUNX2) was upregulated 2.3-fold in the ECM scaffold at 2
weeks when compared with the control scaffold (Table 1).
This fold change remained constant when the 2-week ECM
scaffold data were compared with the 4-week control scaf-
fold data, indicating that in the control scaffold, RUNX2 was
not upregulated even after 4 weeks of culture. RUNX2 is an
osteogenic-specific master transcription factor49,50 and
RUNX2-deficient mice die at birth and are characterized by a
complete absence of mineralized skeleton.51,52 The upregu-
lation of RUNX2 is a clear indication of osteogenic differ-
entiation.
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SMADs 2, 3, and 4 were upregulated 1.5-, 2.2-, and 2-fold,
respectively, after 2 weeks of culture on ECM scaffolds
compared with control scaffolds (Table 1). Receptor-
regulated SMADS 1, 2, 3, 5, and 8/9 are downstream tran-
scription factors for TGFb/BMP family of proteins. Of these,
SMADs 2 and 3 are linked to TGFb signaling cascade.53,54

Activation of TGF beta receptors leads to phosphorylation of
receptor SMADS, which oligomerizes with SMAD4 and ac-
cumulate in the nucleus where they recognize gene regula-
tory regions and orchestrate transcription of osteogenic
genes. Upregulation of SMADs in this study indicates that
TGFb signaling has been potentiated. Upregulation of
SMAD4 might be due to an increase in the expression of
SMADs 2 and 3. Other transcription factors that were upre-
gulated at 2 weeks were MSX1 (msh homeobox 1) (7.3-fold),
NFKB1 (nuclear factor kappa of B-cells 1) (2.3-fold), and
vitamin-D receptor (4.1-fold) (Table 1). All these transcrip-
tion factors play a significant role in osteogenesis.55,56 More
specifically, vitamin D receptor has been shown to be a
negative regulator of adipogenesis.25 Upregulation of this
nuclear receptor is an indication of suppression of the adi-
pogenic differentiation pathway. Interestingly, these tran-
scription factors also remained upregulated when gene
expression levels were compared for the 2-week ECM scaf-
fold with the 4-week control scaffold (Table 3).

Receptors

Receptors are membrane proteins to which cytokines and
growth factors bind to transduce their signal. The potency of
a growth factor depends on the number of receptors present
on the membrane surface and its recycling rate. Therefore, it
is logical to assume that if there was an increase in the
growth factor concentration, then the number of receptors
specific to the growth factors would also increase in ex-
pression proportionately. However, if the recycling rate of
the receptor is high, then a corresponding increase of the
receptors is not necessary to compensate for an increase in
growth factor expression. In our model system, after 2 weeks
of culture on the ECM scaffold, significant increase in gene
expression was observed with EGF receptor (twofold corre-
sponding to its growth factor increase), FGF receptors 1 and
2 (2.8 and 4.1-fold respectively), VEGF receptor (11.5-fold),
IGF1 receptor (2.7-fold), TGFb receptor 2 (2.4-fold), integrin
alpha 3 (2.2-fold), and intercellular adhesion molecule 1
(Table 1). Between 2 and 4 weeks of culture on the ECM
scaffold, calcitonin receptor was upregulated sixfold (Table
2). When the 2-week ECM scaffold culture was compared
with the 4-week control scaffold culture, cadherin 11, FGF
receptors 1 and 2, and VEGF receptor were all upregulated
approximately threefold.

Looking at the gene expression profile in its entirety, it is
clear that HMSCs, when cultured on the ECM-embedded
collagen/chitosan scaffolds, were able to differentiate to-
ward an osteoblastic lineage. The expression of osteoblast
differentiation factors were significantly higher in HMSCs
cultured on the ECM scaffold for 2 weeks when compared
with even 4 weeks of culture in the control scaffold. In
general, our construct exhibited more robust changes in the
expression of osteoblast-specific genes that regulate osteo-
blast differentiation than other constructs reported thus
far.7,8 We believe that our construct has the potential to re-

place the existing surgical aids such as demineralized bone
matrix (DBM) and freeze-dried bone. DBM has been shown
to possess intact BMP2, but growth factor concentration and
behavior varies between manufacturers and does not per-
form consistently even between batches from the same
source.57 DBMs and freeze-dried allograft bone are also a
source for possible HIV transmission. More importantly, the
chemical and mechanical processing of these matrices in-
duces many changes to the protein structure and native 3D
arrangement of the ECM components. This might render
many of the ECM molecules ineffective. On the other hand,
the ECM scaffold would be able to provide intact cell-
secreted ECM in a native 3D state.

Although we show significant upregulation of osteogenic
markers with HMSCs cultured in the ECM scaffold, the re-
sults were obtained from a pool of HMSCs obtained from a
single source. These results will have to be verified in
HMSCs from other sources to make certain that the findings
of this study are universal. Additionally, future studies
would focus on the in vivo regenerative potential of the ECM
scaffold for bone tissue engineering.

Conclusion

Based on the results obtained, the main highlights from
this study can be summarized as follows:

1. Our approach for the development of ECM-embedded
collagen/chitosan scaffold yields a 3D porous matrix
that contains tissue-specific ECM components secreted
by differentiating mesenchymal cells.

2. The ECM-embedded collagen–chitosan scaffold can
function as a template for the nucleation of calcium
phosphate polymorphs under physiological conditions.

3. The increased stiffness of the hydroxyapatite-coated
ECM-embedded scaffolds would facilitate its use in
load-bearing bone tissue engineering.

4. The ECM-embedded scaffold promotes cell–cell and
cell–matrix interactions.

5. Analysis of the gene expression profile suggests that the
ECM-embedded scaffold can induce the differentiation
of HMSCs into osteogenic lineage without the need for
external intervention by means of growth factors or
differentiating agents.
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