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Extracellular matrix (ECM) comprises a rich meshwork of proteins and proteoglycans, which not only
contains biological cues for cell behavior, but is also a reservoir for binding growth factors and controlling
their release. Here we aimed to create a suitable bony microenvironment with cell-derived ECM and
biodegradable b-tricalcium phosphate (b-TCP). More speciﬁcally, we investigated whether the ECM
produced by bone marrow-derived mesenchymal stem cells (hBMSC) on a b-TCP scaffold can bind bone
morphogenetic protein-2 (BMP-2) and control its release in a sustained manner, and further examined
the effect of ECM and the BMP-2 released from ECM on cell behaviors. The ECM was obtained through
culturing the hBMSC on a b-TCP porous scaffold and performing decellularization and sterilization. SEM,
XPS, FTIR, and immunoﬂuorescent staining results indicated the presence of ECM on the b-TCP and the
amount of ECM increased with the incubation time. BMP-2 was loaded onto the b-TCP with and without
ECM by immersing the scaffolds in the BMP-2 solution. The loading and release kinetics of the BMP-2 on
the b-TCP/ECM were signiﬁcantly slower than those on the b-TCP. The b-TCP/ECM exhibited a sustained
release proﬁle of the BMP-2, which was also affected by the amount of ECM. This is probably because the
b-TCP/ECM has different binding mechanisms with BMP-2. The b-TCP/ECM promoted cell proliferation.
Furthermore, the BMP-2-loaded b-TCP/ECM stimulated reorganization of the actin cytoskeleton,
increased expression of alkaline phosphatase and calcium deposition by the cells compared to those
without BMP-2 loading and the b-TCP with BMP-2 loading.
Ó 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Extracellular matrix (ECM) is a rich source of bioactive molecules and is mainly composed of collagens, proteoglycans, glycoproteins, and smaller amounts of other proteins [1e3]. In bone
matrix, the ECM is composed of not only collagenous and noncollagenous proteins, but also an inorganic mineralized phase
[4,5]. Early work on ECM has indicated that these ECM proteins are
crucial in mediating cell adhesion, cell migration, proliferation, and
differentiation through cellematrix interactions [6e8]. ECM
secreted by cells may also provide many active binding sites which
can bind the domain of a target growth factor receptor [9]. For
example, heparan sulfate proteoglycans in ECM have speciﬁc
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binding with growth factors, which might result in the entrapment
of growth factors into ECM [10e12].
Since the ECM plays an important role in determining how cells
behave, creation of a bony environment that mimics the natural ECM
may greatly improve its physiological function [13]. Some studies
have reported that natural ECM extracted from animal tissues can be
used directly as scaffolds for tissue engineering [14e16]. But this
type of ECM scaffold is limited by the dimensions and form of the
original tissue and the potential pathogen risk. Besides animal
tissues, ECM also can be extracted from cultured cells, which has also
been used as a biological scaffold for tissue engineering. But cellderived ECM scaffolds lack form and structural support [17].
Therefore, most studies have been directed towards mimicking the
ECM environment by incorporating ECM proteins on supportive
synthetic biomaterials such as ceramics, synthetic polymers, denatured collagen, and hydrogels [18e21]. This strategy generally
involves dipping a scaffold in one or multiple ECM-associated
protein solutions or immobilizing silane grafted proteins or short
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peptide sequences derived from ECM proteins on an etched surface
of a scaffold [22,23]. The use of single or multiple proteins only
provide fragmental components with speciﬁc functional receptors
for cell adherence or growth [24,25], while the native ECM is multifunctional and can inﬂuence multiple biochemical and mechanical
processes simultaneously [8]. As such, modifying a synthetic scaffold
with cell-derived ECM would have great potential in recapitulating
the natural bony ECM microenvironment. Studies have shown that
rat marrow stromal cells formed bone matrix in vitro when cultured
on titanium ﬁber mesh in the presence of osteogenic supplements,
and the resulting ECM can be extracted after decellularization
[7,26,27]. The synthetic scaffolds containing bone-like ECM secreted
by the cultured cells signiﬁcantly enhanced the mineralized matrix
deposition of marrow stromal cells compared to those on titanium or
polymeric scaffolds in the absence of the ECM [26e28].
In addition, bone repair and regeneration is a complex cascade
of biological events, which involves not only ECM and boneforming cells, but also osteogenic growth factors [29]. Many
reports have shown that bone regeneration can be enhanced by
sustained release of osteogenic growth factors, such as bone
morphogenetic protein-2 (BMP-2) [30,31]. BMP-2 is a widely-used,
potent osteogenic growth factor and has been shown to induce
osteogenic differentiation of multipotent mesenchymal cells
[32,33] and induce bone formation in both animals and humans
[34,35]. BMP-2 has been approved by FDA for clinical use in several
indications in the U.S. since 2002 [36,37]. However, a major challenge is still ﬁnding an optimal carrier for BMP-2 at the site of
injury. Even though diverse growth factor delivery systems have
been intensively investigated in orthopedics [38,39], there are few
reports on the use of cell-derived ECM deposited on an engineered
scaffold as an effective delivery system for growth factors in
a sustainable manner.
In this study, we hypothesized that a cell-derived, natural ECM
deposited on a calcium phosphate (CaP) mineral substrate could
present a greater potential for creation of a suitable bony environment for bone regeneration. More speciﬁcally, we investigated
whether the ECM produced by human bone marrow-derived
mesenchymal stem cells (hBMSC) on a biodegradable b-tricalcium phosphate (b-TCP) scaffold can bind BMP-2 and control its
release in a sustained manner and, additionally, to examine the
effect of ECM and the BMP-2 released from the ECM on cell
behavior. We ﬁrst cultured the hBMSC on a 3D porous b-TCP scaffold, allowing the cells to secrete and deposit bone-like ECM on the
surface of the scaffold. After the culture time, the scaffold
constructs were decellularized, leaving the deposited ECM on the
scaffold. Then BMP-2 was loaded onto the b-TCP and b-TCP/ECM
scaffolds, and their effects on cell proliferation, differentiation, and
mineralization were analyzed.
This b-TCP/ECM as a new growth factor delivery system potentially takes advantage of ECM binding sites to combine growth
factors and to control their release as local regulators of bone cell
function. As the ECM is broken down by matrix metalloproteinase,
it releases the entrapped growth factors to cells [40]. In addition,
the ECM and growth factors released from the ECM are interdependent, and may simultaneously present the biological cues to
stimulate cellular differentiation, proliferation, migration, and
adhesion [41,42]. Therefore, we expected that the b-TCP/ECM and
the BMP-2-loaded b-TCP/ECM constructs can signiﬁcantly promote
cell proliferation, differentiation and mineralization in vitro.
2. Materials and methods
2.1. Materials

b-tricalcium phosphate (b-TCP) powder with speciﬁc area of 17 m2/g was
purchased from Nanocerox Inc. (Ann Arbor, MI). Carboxymethyl cellulose (CMC)

powders, parafﬁn granules, Rhodamine phalloidin, DAPI and anhydrous ethyl
alcohol were purchased from Fisher Scientiﬁc (Pittsburgh, PA). All other chemicals
were analytical grade and were used without treatment after being received.
2.2. Preparation of b-TCP scaffolds

b-TCP scaffolds with interconnected pores were prepared by a template-casting
method [43]. The method includes the preparation of parafﬁn beads and b-TCP
ceramic slurry, casting the slurry into a mold ﬁlled with parafﬁn beads, solidifying,
and sintering. Parafﬁn beads were prepared by a conventional water-dispersion
method [43]. The parafﬁn beads with particle sizes between 0.71 and 1 mm were
used in this study. The b-TCP powder, CMC powder, dispersant (Darvan C) and
surfactant (Surfonals) were mixed with distilled water while stirring to form the
ceramic slurry. After ﬁlling the parafﬁn beads into the customized molds, the b-TCP
slurry was cast into the molds under a vacuum. The as-cast mold with slurry was
dehydrated and solidiﬁed in a series of ethyl alcohol solutions, typically 70, 90, and
95% at 40e70  C. After removing the dehydrated green body from the mold, the
green body was put into an electric furnace and heated up to 1250  C for 3 h to sinter
the b-TCP scaffolds. A schematic graph of the fabrication process is shown in Fig. 1.
The pore size, porosity and compressive strength of the scaffolds were characterized
as described in our previous publication [43].
2.3. Cell culture
Human bone marrow-derived mesenchymal stem cells (hBMSC) that were
purchased from Lonza (Allendale, NJ) [44], were cultured in Dulbecco’s modiﬁed
Eagle’s medium (DMEM) supplemented with 10% FBS, 1% L-Glutamine, 1% antibioticantimycotic solution. The medium was generally changed every 3 days. Passage 6-8
hBMSCs were used in this study.
2.4. Generation of b-TCP/ECM scaffolds
Cells were cultured in 75 cm2 ﬂasks in DMEM. The cells were trypsinized,
resuspended in a known amount of medium and seeded onto the scaffold at 1  105
cells/scaffold. Scaffolds were incubated for 1 h with the seeding cell suspension for
the initial attachment, after which DMEM medium supplemented with 10% FBS, 1%
L-Glutamine, 1% antibiotic-antimycotic solution and osteogenic factors (10 nM
dexamethasone, 50 mg/mL L-ascorbic acid and 10 mM b-glycerophosphate) was
added. The medium was generally changed every 3 days. Cell/scaffold constructs
were cultured for 7 days and 14 days in complete osteogenic medium. At the end of
the culture period, constructs were rinsed in PBS and stored in sterile deionized
water at 80  C for later use.
The cellular component of the cell/scaffold constructs was removed to generate
the scaffolds with deposited ECM. b-TCP/ECM was designated as b-TCP/ECM-7 for 7
days culture and b-TCP/ECM-14 for 14 days culture. Scaffolds were thawed at 37  C
for 20 min, rinsed with distilled water to remove cellular debris, and frozen
in 80  C for 20 min. Constructs underwent three repetitions of freeze/thaw 80  C/
37  C cycles under sterile conditions to ensure complete removal of the cellular
component. Samples were then allowed to freeze-dry. As a control, one group of
cell-free scaffolds was soaked in the same culture medium and similarly processed.
2.5. Characterization of ECM on the scaffold
2.5.1. The immunoﬂuorescent staining of ECM
After decellularization, b-TCP/ECM scaffolds were washed in PBS three times.
The samples were blocked using a 3% BSA-PBS serum solution at room temperature
for 30 min and incubated with rabbit anti-mouse primary antibodies for collagen I
(dilution 1:100, Abcam) in 1% BSA-PBS overnight at 4  C. Then, the samples were
washed with PBS twice and the secondary antibody (Alexa Fluor 488, goat antirabbit, Invitrogen) in 1% BSA-PBS (diluted 1:250) was added for 1 h at room
temperature while protected from light, rinsed three time in PBS, and then were
imaged by ﬂuorescent microscopy (Nikon 2000).
2.5.2. Scanning electron microscopy (SEM) analysis
The cell/b-TCP scaffold and b-TCP/ECM scaffold after decellularization were ﬁxed
with 2.5% Glutaraldehyde in PBS for 1 h. After being thoroughly washed with PBS,
the samples were dehydrated sequentially in 70%, 90%, 95% and 100% ethanol for
15 min each time. The ﬁxed samples were dried completely, sputter-coated with
gold, and examined under a scanning electron microscope (FEI, USA) operated at
15 kV voltages. The control scaffold was similarly treated and observed by SEM.
2.5.3. X-ray photoelectron spectroscopy (XPS) measurement
Surface element analysis of ECM on b-TCP was conducted using XPS. The XPS
measurements can probe a maximum sampling depth of approximately 3e5 nm and
therefore provide information about surface chemistry. The XPS measurements
were carried out on a PHI Quantera XPS with a focused monochromatic Al Ka X-ray
(1486.6 eV) source for excitation. X-rays at 40 W, 15 kV and 200 mm diameter were
used to bombard the sample. The XPS survey scan spectra in the 1100e0 eV binding
energy range were recorded in 0.5 eV steps with a pass energy of 140 eV. For each
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Fig. 1. The schematic graph of fabricating the b-TCP scaffolds and the SEM image of the b-TCP scaffold.

sample, high resolution element scan spectra of C1s, O1s, N1s, Ca2s, P2p were
recorded in 0.1 eV steps with a pass energy of 26 eV. All binding energies were
autoshift scaled to the C1s photoelectron peak at 284.7 eV. The percentages of each
major element in ECM were calculated by the software program Multipak associated
with the equipment.
2.5.4. Infrared spectra in attenuated total reﬂection (ATR-FTIR) measurement
ATR-FTIR analysis of b-TCP/ECM was performed using the Golden Gate reﬂection
diamond ATR systems on a Nicolet spectrometer. The ATR accessory contained
a ZnSe crystal. ATR-FTIR spectra (100 scans at 4.0 cm1 resolution and ratioed to the
appropriate background spectra) were recorded at 25  C. A special dry system was
constructed to prevent interference of atmospheric moisture with the spectra.
2.6. BMP-2 loading on b-TCP/ECM scaffolds
To load BMP-2 (Peprotech, Rocky Hill, NJ) onto the b-TCP/ECM scaffolds, each
scaffold was weighed and immersed in corresponding volume of a BMP-2 solution
(1.5 mg/mL) according to the weight/volume ratio (8 mL per gram). Then, the samples
were incubated at room temperature for 1, 2, 4, 8, 12, 24 h with gentle shaking. At the
designated time point, 10 mL of the solution was removed and the concentration of
BMP-2 was measured by a BMP-2 ELISA kit (R&D Systems). After 24 h absorption, the
scaffolds were taken out of the solution and washed three times in PBS. The b-TCP/
ECM scaffolds loaded with BMP-2 were freeze-dried under sterile conditions and
stored at 20  C for later use. Three groups of scaffolds were loaded with BMP-2 via
this process, including the b-TCP/ECM-7, the b-TCP/ECM-14, and the b-TCP as
a control.
2.7. In vitro release proﬁle of BMP-2 from b-TCP/ECM scaffolds
To investigate the in vitro release proﬁle of BMP-2 from the b-TCP/ECM scaffolds,
the BMP-2-loaded scaffolds were put into a vial containing 1 mL DMEM culture
medium. The vials were incubated at 37  C for 5 weeks. At the end of each time point,
the release medium was collected and totally replaced with an equal amount of fresh
DMEM medium. The amount of released BMP-2 was measured using a BMP-2 ELISA
kit. The release proﬁle was calculated in terms of the cumulative release percentage of
BMP-2 (%, w/w) with incubation time. Each experiment was carried out in triplicate.
2.8. Biological effects of b-TCP/ECM and BMP-2-loaded b-TCP/ECM
2.8.1. Effect on the proliferation and differentiation of hBMSC
To assess proliferation and osteogenic differentiation of hBMSCs on the b-TCP/
ECM and BMP-2-loaded b-TCP/ECM scaffolds with various ECM maturities, six
groups of scaffolds were used in this experiment: (1) b-TCP/ECM-7; (2) b-TCP/ECM14; (3) b-TCP, as a control; (4) b-TCP/ECM-7/BMP-2, in which the BMP-2 was loaded
to the sterilized b-TCP/ECM-7; (5) b-TCP/ECM-14/BMP-2, in which the BMP-2 was
loaded to the sterilized b-TCP/ECM-14; and (6) b-TCP/BMP-2, in which the BMP-2
was loaded to the sterilized b-TCP. hBMSCs were seeded onto the scaffolds at

a seeding density of 100,000 cells in 100 mL of DMEM medium without osteogenic
factors. Scaffolds were incubated for 1 h with the seeding cell suspension for the
initial attachment, after which DMEM medium was added to each well of the
24-well plates and cultured for 3, 7, 10 and 14 days with medium changed every 2e3
days. Three samples per group per time point were used. At the end of each time
point, samples were rinsed with PBS (without calcium and magnesium) and stored
at 20  C for later analysis.
Double stranded DNA (dsDNA) was used to measure cell proliferation by a ﬂuorometric assay. Samples taken from culture were rinsed with PBS. Cell lysate was
prepared by lysing cells in 0.2% Triton-X-100 via three repetitions of a freeze and thaw
cycles, in which samples were frozen for 20 min in 80  C then thawed for 20 min in
a 37  C water bath, and ﬁnally sonicated for 1 min on ice to allow DNA into the solution.
DNA was quantiﬁed using the PicoGreen assay (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions. DNA concentration was measured on a plate reader
(BioTek FLx800) through ﬂuorescence at 485 nm (Ex) and 528 nm (Em), and compared
to a standard curve generated from known concentrations of DNA standards.
Alkaline phosphatase (ALP) activity as an early osteogenic differentiation
marker was determined with p-nitrophenyl phosphate (p-NPP) substrate in
a colorimetric assay [45]. Cell lysates were placed in a 96-well plate, and the
reaction was allowed to progress for 30 min at 37  C. After incubation, samples
were placed on ice and 100 mL of 1 M sodium hydroxide was added to stop the
reaction. The resultant absorbance values were measured at 405 nm in a microplate reader (TECAN) and compared to a standard curve generated from known
concentrations of p-nitrophenol standards. ALP activity was normalized to
dsDNA concentration from the same sample and expressed as units per gram of
dsDNA.
2.8.2. Effect of ECM and ECM/BMP-2 on cell F-actin expression
Microﬁlamentous actin (F-actin) participates in many important cellular
processes, including cell mobility, cell division, cell signaling, and establishment
of gap junctions and cell shape. BMP-2 was reported to rearrange F-actin in cells
and regulate the function of cells [46,47]. To observe the ﬁlamentous F-action
ﬁber expression of cells, the scaffolds were put in the insert wells of 24-well
plates. The hBMSC cells were seeded on the bottom of the wells. Culture medium
was changed every 3 days. After 3 days, cells were washed twice with PBS
(pH 7.4) and ﬁxed by 4% paraformaldehyde (PFA) solution in PBS for 15 min at
room temperature. After washing twice with PBS, the cells were permeabilized in
0.5% Triton-X-100 in PBS and incubated in freshly prepared Rhodamine phalloidin
(stock solution diluted in 1:100, cytoskeleton Inc. USA) at room temperature for
2 h, and after a brief PBS wash, DAPI solution (5 mg/mL) was added for counterstaining cell nuclei. Confocal images were performed on a confocal laser scanning
microscope (CLSM, Olympus IX81). To assess the effect of ECM and/or BMP-2 on
the F-actin synthesis, the exposure time for each ﬂuorescent channel of CLSM on
each sample was the same and random images were taken from six random
ﬁelds/well at a magniﬁcation of 20. The ﬂuorescent intensity of F-actin per cell
was calculated by the software program Slide 5 associated with the CLSM
instrument.

6122

Y. Kang et al. / Biomaterials 32 (2011) 6119e6130

2.8.3. Effect of b-TCP/ECM and b-TCP/ECM/BMP-2 on cell matrix mineralization
We investigated the ability of hBMSC to deposit calcium mineral nodules in vitro
by Alizarin red S staining in the presence and absence ECM and BMP-2 on CaP
scaffolds. Alizarin red S staining has been widely used to assess the mineralization
by staining calcium deposits. As the b-TCP also contains calcium, the Alizarin red S
assay could not differentiate the calcium minerals by cells from the calcium of the
scaffolds. Therefore, the experimental set-up was redesigned as follows: the scaffolds were put in a multiwell insert, and the cells were seeded in the wells of the 24
well plates. Culture medium was changed every 3 days. Alizarin red S staining was
performed to assess calcium deposition. After 14 and 21 days of incubation, cells
were washed twice with Ca and Mg-free PBS buffer and ﬁxed with 95% ethanol for
15 min. The ﬁxed cells were then washed twice with deionized water and stained
with 1 mg/mL Alizarin red S in distilled water (pH 4.2) for 30 min at room
temperature. After washing ﬁve times with deionized water, the calcium mineral
nodules were examined under a microscope. To quantify the deposited calcium, the
bound Alizarin red S stain was extracted for 30 min while rocking. The extraction
medium consisted of 10% acetic acid and methanol. The extracts were transferred to
a 96-well plate and measured at 450 nm in a plate reader for the determination of
mineralization by comparison with Alizarin Red S standards. Alizarin Red S binds
about 2 mol of Ca2þ/mol of dye in solution [48].
2.9. Statistical analysis
All the groups in the experiments were performed in triplicate, and values were
reported as mean values  SD and statistically analyzed using student’s t-test
between two groups. The difference was considered to be signiﬁcant if p-values
obtained from the test were less than 0.05.

3. Results
3.1. Characterization of b-TCP scaffolds
In this study, porous b-TCP scaffolds were fabricated by
a template-casting method. SEM observation in Fig. 1 shows
a porous structure and the interconnected windows between pores
of a scaffold. These interconnected windows were formed due to
the template structure, in which the parafﬁn beads were partially
melted together during the heating process (Fig. 1). In this study,
the porosity and pore size of the scaffolds were 82.49  0.04% and
350e500 mm, respectively, and the compressive strength of the
scaffolds was 3.41  0.3 MPa.

3.2. Characterization of ECM generated on b-TCP scaffolds
3.2.1. SEM morphologies and immunoﬂuorescent staining
To obtain ECM with different maturities, cells/scaffolds were
cultured for 7 days and 14 days, and then decellularized. Fig. 2
shows the changes of surface morphology of the scaffolds with
different incubation time. The plain scaffold surfaces showed
micrograins and micropores, and no signiﬁcant differences in
surface morphologies are observed on the scaffolds before (Fig. 2A)
and after (Fig. 2B) immersion in medium without cells. The hBMSCs
proliferated well on the scaffolds (Fig. 2C and E). After 7 days of
incubation, there were many ﬁlopodia among the cells, and the
scaffold surface was partially covered by the proliferating cells and
their synthesized ECM (Fig. 2C). After 14 days of incubation, cells
spread out on the scaffold and the surface was entirely covered by
cells and their deposited ECM (Fig. 2E). After decellularization and
EO gas sterilization, residual aggregations and layers of the ECM can
be observed on the scaffolds (Fig. 2D and F).
One major component of ECM, collagen type I, was evaluated by
immunoﬂuorescent staining and the results are presented in Fig. 3.
The ﬂuorescent images revealed that collagen type I, an indicator of
ECM, was present on the scaffold after decellularization and EO gas
sterilization (Fig. 3A and B). The collagen type I produced by hBMSC
was present on the inner wall and strut surfaces of the scaffolds,
suggesting the cells grew on the strut surface and migrated into the
inner walls of the macroporous scaffolds. Fig. 3B further suggests
that the ECM was still present in the porous scaffold after the gas
sterilization.
3.2.2. XPS analysis
XPS measurements were carried out to survey the elements in
the ECM deposited on the b-TCP scaffolds. Fig. 4 shows that a new
element peak corresponding to N1s (binding energy, 400 eV)
appeared on both the b-TCP/ECM-7 and the b-TCP/ECM-14 after
decellularization and extensive washing in distilled water, while it
was absent on the b-TCP. The nitrogen peak observed could be
attributed to the amino groups on the scaffold surface [49]. It was

Fig. 2. SEM morphological observation of the b-TCP scaffolds, hBMSCs cultured on the scaffolds, and ECM produced by hBMSCs on the scaffolds. (A) b-TCP scaffolds; (B) b-TCP
scaffolds after 14 days of immersion in cell culture medium; (C) cells on the scaffolds after 7 days of incubation; (D) decellularized scaffolds after 7 days of incubation; (E) cells on
the scaffolds after 14 days of incubation; (F) decellularized scaffolds after 14 days of incubation. Note: The red arrows indicate the representative hBMSCs grown on the b-TCP
scaffolds, and the white arrows indicate ECM produced by hBMSCs on the scaffold in either aggregates or layers. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article).
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Fig. 3. Representative immuneﬂuorescent images of collagen type I on the b-TCP scaffolds (A) after decellularization and (B) after EO gas sterilization.

also observed that the C1s peak (binding energy, 284.7 eV) on the
surface of the b-TCP/ECM-7 and b-TCP/ECM-14 was greater than
that of the b-TCP. Table 1 further indicates that the N atomic
percentage in the b-TCP was zero, but it increased to 6.4% and 8.2%
in the b-TCP/ECM-7 and the b-TCP/ECM-14, respectively. The C
atomic percentage in the b-TCP/ECM-7 and the b-TCP/ECM-14 was
also signiﬁcantly higher than that in the b-TCP: up to 39.1% and
26.9% compared to the 6.5% in the b-TCP without the deposited
ECM. Trace amounts of C atoms in the b-TCP may result from the
residue of carbon-containing chemical reagents used in the sample
preparation process. Taken together, these results indicated protein
biomolecules of the ECM, secreted by hBMSC, were presented on
the surface of the scaffolds.
3.2.3. FTIR analysis
The ATR-FTIR analysis was performed to further characterize the
constituents of the ECM deposited on the b-TCP. The FTIR spectra
from Fig. 5 indicate that two new adsorption bands, at 1642.4 cm-1
and 3389.3 cm-1 appeared in the b-TCP/ECM-7 and the b-TCP/ECM14 spectra that were absent in the b-TCP spectrum. These two new
absorption peaks on the b-TCP/ECM spectrum are assigned to
amide I and hydroxyl groups, respectively [50]. The amide group is
probably a result of collagen protein in ECM. The hydroxyl group is
probably a result of proteoglycans which contain many hydroxyl

groups in their molecular structure [49]. The intensity of these two
peaks in the b-TCP/ECM-14 spectrum was much stronger than that
in the b-TCP/ECM-7 spectrum, suggesting a greater amount of ECM
in the b-TCP/ECM-14 because of the longer time of incubation.
These peaks were absent in the b-TCP spectrum. A wide band from
900 to 1200 cm1 was assigned for the characteristic bands of
phosphate in the b-TCP [51].
3.3. Loading kinetics and in vitro release proﬁles of BMP-2
Loading of BMP-2 on the b-TCP in the presence and absence of
ECM was detected by an ELISA kit. The amount of the BMP-2
adsorbed on the b-TCP rapidly increased with the incubation time
(Fig. 6). The adsorption of the BMP-2 on the b-TCP almost reached
the plateau after 4 h, while the loading amount of the BMP-2
gradually increased for the b-TCP/ECM-7 and the b-TCP/ECM-14,
respectively, and equilibrium was not achieved until 12 h (Fig. 6).
Furthermore, the loading kinetics of BMP-2 on the b-TCP/ECM-14
was signiﬁcantly slower than that on the b-TCP/ECM-7 between 1
and 7 h. Similarly, the loading kinetics of the BMP-2 on the b-TCP/
ECM-7 was slower than that on the b-TCP. After 12 h of incubation,
the amount of BMP-2 loaded on the scaffolds reached the equilibrium. No signiﬁcant differences in the amount of BMP-2 loaded
were observed among the three groups of scaffolds after 24 h.

Fig. 4. XPS spectra for the b-TCP, b-TCP/ECM-7, and b-TCP/ECM-14.
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Table 1
The atomic percent of individual elements on the surface of the scaffolds automatically calculated by the software Multipak associated with the equipment.
Groups

Ca2p

P2p

O1s

C1s

N1s

Si2p

Mg2s

b-TCP
b-TCP/ECM-7
b-TCP/ECM-14

16.2
8.1
10.4

13
6.8
9.4

61
39
45.1

6.5
39.1
26.9

0
6.4
8.2

3.3
0.5
<0.1

<0.1
<0.1
<0.1

The release kinetics of the BMP-2 was investigated by
immersing the b-TCP/BMP-2, the b-TCP/ECM-7/BMP-2, and the
b-TCP/ECM-14/BMP-2 into cell culture medium (DMEM with 10%
FBS). The results are shown in Fig. 7. The release of the BMP-2 from
the b-TCP/BMP-2 exhibited a rapid burst release followed by a slow
accumulation proﬁle. Approximately 20% of the initially loaded
BMP-2 was released from the b-TCP/BMP-2 after the ﬁrst 2 h, and
around 50% after the ﬁrst day, followed by a slow release during the
subsequent 5 weeks (Fig. 7). The release kinetics of the b-TCP/ECM7/BMP-2 was similar to that of the b-TCP/BMP-2, though the
cumulative percent of BMP-2 released was slightly lower than that
of the b-TCP/BMP-2. However, in contrast, the burst release of the
BMP-2 from the b-TCP/ECM-14/BMP-2 was signiﬁcantly reduced.
Approximately 10% of the BMP-2 was released from the b-TCP/
ECM-14/BMP-2 after the ﬁrst 2 h, and about 25% after the ﬁrst day,
and up to w50% after the ﬁrst 2 weeks, followed by a slower release
in the following 3 additional weeks (Fig. 7). Compared to the b-TCP
and the b-TCP/ECM-7, the release of the BMP-2 from the b-TCP/
ECM-14 demonstrated a signiﬁcantly slower and more sustainable
release proﬁle over the entire time period of experiment.

according to the intensity of ﬂuorescent phalloidin signals. The
results in Table 2 revealed that the mean values of the F-action
signal of the cells in the presence of BMP-2 were signiﬁcantly
greater than those in the absence of BMP-2, regardless of
substrates. The quantiﬁcation of F-actin accumulation indicated
that the BMP-2 released from scaffolds increased the accumulation
of F-actin ﬁbers.

3.4. Effect of released BMP-2 on F-actin distribution

3.5. Cell proliferation and differentiation

F-actin expression in hBMSC was evaluated by immunoﬂuorescent analysis after exposure to different microenvironments for
3 days. Fig. 8 shows F-actin morphology in the b-TCP and b-TCP/
ECM groups with the presence and absence of BMP-2. The presence
of BMP-2 released from the b-TCP and the b-TCP/ECM induced
pronounced cytoskeletal reorganizations and F-actin augmentation
(Fig. 8B, D, and F) compared to those without BMP-2 loading
(Fig. 8A, C, and E). The effect of BMP-2 on F-actin intensity of the
cells was further assessed by immunoﬂuorescent image analysis

dsDNA content was used to assess cell proliferation. Fig. 9 shows
the proliferation of hBMSCs on the b-TCP, b-TCP/ECM-7, and b-TCP/
ECM-14 in the absence (Fig. 9A) and presence of BMP-2 (Fig. 9B). It
can be seen from Fig. 9A that the dsDNA content on the b-TCP/ECM7 was signiﬁcantly greater than that on the b-TCP (p < 0.05), and
the dsDNA content on the b-TCP/ECM-14 was signiﬁcantly greater
than that on the b-TCP (p < 0.05) and the b-TCP/ECM-7 (p < 0.05)
after 3 days of incubation. At day 7, the dsDNA contents on the bTCP/ECM-7 and b-TCP/ECM-14 were signiﬁcantly greater than that
on the b-TCP (p < 0.05), and there was no signiﬁcant difference
between the b-TCP/ECM-7 and b-TCP/ECM-14 group. After 10 and
14 days of incubation, there was no signiﬁcant difference among
the 3 groups, suggesting the cells reached conﬂuence on the scaffolds after 10 days of incubation. This implies that the ECM
deposited on the b-TCP/ECM-7 and the b-TCP/ECM-14 signiﬁcantly
promoted the early proliferation of the hBMSC compared to the bTCP. Fig. 9B further indicates that the proliferation of hBMSC on the
b-TCP/ECM-14/BMP-2 and the b-TCP/ECM-7/BMP-2 was signiﬁcantly greater compared to the proliferation of those on the b-TCP/
BMP-2 and the b-TCP/ECM-7 scaffolds at 3 days of incubation,
which was consistent with the results in the absence of BMP-2 in
Fig. 9A. There is no signiﬁcant difference in cell proliferation among
the b-TCP/BMP-2, b-TCP/ECM-7/BMP-2, and b-TCP/ECM-14/BMP-2
after 7 days of incubation, suggesting the conﬂuence of hBMSC
grown on the scaffolds.
ALP is an early-stage marker of hBMSC differentiation to osteoblast cells. As shown in Fig. 10, in the absence of BMP-2 the ECM
alone did not promote the ALP production of hBMSCs during the
period of experiment, whether the ECM was deposited on the
scaffolds for 7 days or 14 days, compared to those on the b-TCP.
However, at day 3, the hBMSCs on the b-TCP/BMP-2 and the b-TCP/
ECM-7/BMP-2 expressed signiﬁcantly higher ALP levels compared
to the cells on the corresponding scaffolds without the presence of

Fig. 5. ATR-FTIR transmission spectra of the b-TCP, b-TCP/ECM-7, and b-TCP/ECM-14.
The characteristic peaks of amide and hydroxyl groups are shown on the b-TCP/ECM-7
and the b-TCP/ECM-14 spectrum, respectively.

Fig. 6. Loading kinetics of the BMP-2 onto the b-TCP, b-TCP/ECM-7, and b-TCP/ECM-14
in DMEM medium.
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Fig. 7. Cumulative release of BMP-2 from the b-TCP, b-TCP/ECM-7, and b-TCP/ECM-14 in DMEM medium. The data are presented as mean  deviation (n ¼ 3). Signiﬁcant difference
is labeled as* in the insert (p < 0.05).

BMP-2. No signiﬁcant difference in the ALP level was observed
between the b-TCP/ECM-14 and the b-TCP/ECM-14/BMP-2.
Furthermore, the ALP activity expression of the hBMSCs on the bTCP/BMP-2 was signiﬁcantly higher than that on the b-TCP/ECM-7/
BMP-2, while the ALP level on the b-TCP/ECM-7/BMP-2 also was
signiﬁcantly higher than that on the b-TCP/ECM-14/BMP-2. At day
7, the three groups loaded with BMP-2 still promoted signiﬁcantly
higher ALP production compared to those in the corresponding
groups without loaded BMP-2, but differences among the three
groups loaded with BMP-2 disappeared. At day 10, the ALP activity
between the b-TCP and b-TCP/BMP-2 showed no signiﬁcant
difference, but the b-TCP/ECM-7/BMP-2 and the b-TCP/ECM-14/
BMP-2 signiﬁcantly promoted the ALP production compared to the
b-TCP/BMP-2 and other three groups without BMP-2 loading.
However, at day 14, only the b-TCP/ECM-14/BMP-2 exhibited
signiﬁcantly greater ALP activity expression than the b-TCP/BMP-2
and the b-TCP/ECM-14. Taken together, these results suggested that
the b-TCP/BMP-2 had an initial burst release which resulted in
a rapid and enhanced ALP expression at the early stage; however,
the b-TCP/ECM-7/BMP-2 and the b-TCP/ECM-14/BMP-2 sustainably
released the BMP-2, which signiﬁcantly promoted the ALP
expression long term.
3.6. Effects of b-TCP/ECM and b-TCP/ECM/BMP-2 on mineralization
We next investigated the ability of hBMSC to deposit calcium
mineral nodules in vitro by Alizarin red S staining in the presence
and absence of ECM and BMP-2 on CaP scaffold. Fig. 11 shows the
Alizarin Red S-stained calcium mineral nodules produced by
hBMSCs after 14 and 21 days incubation in the presence of scaffolds
with and without ECM and/or BMP-2 pre-loading. The results in
Fig. 11 demonstrate that the hBMSCs in the presence and absence
of BMP-2 both deposited detectable calcium mineral nodules after
14 and 21 days of incubation (Fig. 11). At day 14, the hBMSCs
started to deposit small amounts of calcium mineral nodules, while
more matrix deposition and calcium mineral nodules can be
observed at day 21. At day 21, larger calcium mineral nodules were
present in the BMP-2-loaded groups than those in the groups

without BMP-2. Quantiﬁcation of calcium mineral nodules is
shown in Fig. 12. At day 14, there was no difference in calcium ion
concentration among all the groups. However, at day 21, the BMP2-loaded groups demonstrated signiﬁcantly greater calcium
mineral content compared to the corresponding groups without
BMP-2 loading (Fig. 12). It is worth noting that the b-TCP/ECM-7/
BMP-2 and b-TCP/ECM-14/BMP-2 exhibited signiﬁcantly more
mineral formation compared to that of the b-TCP/BMP-2 after 21
days of incubation.
4. Discussion
In bone tissue engineering, the ideal scaffold is one that has
a 3D, interconnected porous network, provides a structural support
for cell ingrowth and proliferation, and surface properties that
provide microenvironmental and biological cues for cell functions.
The template-casting method in this study enables the fabrication
of an interconnected porous scaffold with controlled pore structure
and porosities. The main objective of this study was to investigate
whether the hBMSC-derived ECM on a biodegradable b-TCP scaffold can bind BMP-2 and control the release of BMP-2 in a sustained
manner and, additionally, to examine the effect of ECM and the
sustained released BMP-2 from the ECM on cell behaviors. First, we
characterized the ECM deposited on the b-TCP scaffolds through
SEM, XPS, FTIR and immunoﬂuorescent staining. The SEM images
show the changes of surface morphology of the scaffolds before and
after cell culture (Fig. 2). The immunoﬂuoresecent staining images
show the presence of collagen type I, a major component of ECM,
on the b-TCP (Fig. 3). The XPS and FTIR data demonstrate the
appearance of hydroxyl groups, amino groups, and amide groups,
three major functional groups of ECM, on the b-TCP (Figs. 4 and 5).
Collectively, all the results indicate the presence of ECM on the bTCP scaffolds. This simple process generates a biomimetic bony
environment comprised of a cell-derived, natural ECM on a calcium
mineral scaffold.
Next, we examined the loading and release kinetics of BMP-2 to
and from the b-TCP, b-TCP/ECM-7, and b-TCP/ECM-14. Here we, for
the ﬁrst time, have demonstrated that the loading kinetics of the
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Fig. 8. Representative immunoﬂuorescent images for F-actin distribution in hBMSCs taken by a confocal laser scanning microscope after 3 days of incubation. (A) Cells in the b-TCP
scaffolds group; (B) Cells in the BMP-2-loaded b-TCP scaffolds; (C) Cells in the b-TCP/ECM-7 scaffolds; (D) Cells in the BMP-2-loaded b-TCP/ECM-7 scaffolds; (E) Cells in the b-TCP/
ECM-14 scaffolds; and (F) Cells in the BMP-2-loaded b-TCP/ECM-7 scaffolds. Magniﬁcation: 20; scale bar: 10 mm.

BMP-2 onto the b-TCP was signiﬁcantly faster compared to the
loading kinetics for the b-TCP/ECM-14 and the b-TCP/ECM-7 within
the ﬁrst 4 h. The BMP-2 loading kinetics was also affected by the ECM
content, as determined by the incubation time. In particular, within
the ﬁrst 30 min, the amounts of BMP-2 loaded on each scaffold were
73.64% on the b-TCP, 52.6% on the b-TCP/ECM-7, and 42.06% on the
b-TCP/ECM-14. It is worth noting that after the initial 12 h, there was
no signiﬁcant difference in the amount of BMP-2 loaded among the
three groups, and all groups reached approximately 80% loading at
that time point. On the other hand, the release of BMP-2 from the bTCP was signiﬁcantly faster compared to the b-TCP/ECM-14 and the
b-TCP/ECM-7 within the ﬁrst 7 days. In particular, the b-TCP/ECM-14
released the BMP-2 in a sustained manner without a burst release
compared to the b-TCP (17.42% of BMP-2 released from the b-TCP/
ECM-14 v.s. 31.02% from the b-TCP within the ﬁrst 4 h, p < 0.05),
while the b-TCP/ECM-7 demonstrated a slightly reduced initial
release compared to the b-TCP (27.89% from the b-TCP/ECM-7 vs.
31.02% from the b-TCP within the ﬁrst 4 h, p > 0.05). The signiﬁcant
difference in the BMP-2 release proﬁles between the b-TCP/BMP-2
and the b-TCP/ECM-14/BMP-2 lasted for 1 week. These results

clearly indicate a change in the interaction mechanisms between the
BMP-2 and the b-TCP, b-TCP/ECM-7, or b-TCP/ECM-14. The in vitro
release proﬁles suggest that the release kinetics of the BMP-2 could
be controlled by the presence and content of the ECM. The interaction mechanism between the BMP-2 and the b-TCP was physical
adsorption through microporous surfaces because the b-TCP lacks
Table 2
The mean value of the intensity of F-actin signal in cells treated with Rhodamine
phalloidin staining. Fluorescence intensity analysis was based on at least six random
ﬁelds/well (three specimens for each experimental group) and the densities in TRITC
and DAPI value were measured. Data are presented as mean  standard error.
Fluorescence of the sample with BMP-2 loading was signiﬁcantly higher than that in
the sample without BMP-2 loading (p < 0.05).
Groups

F-actin ﬂuorescent intensity (ADU/per cell)
Without BMP-2 loading

With BMP-2 loading

b-TCP
b-TCP/ECM-7
b-TCP/ECM-14

80.70  6.11
92.16  25.42
76.82  9.84

121.01  12.90a
142.61  25.48a
131.45  34.87a

a

Shows the signiﬁcant difference between groups (p < 0.05).
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Fig. 9. The amount of dsDNA content synthesized by hBMSC grown over time on the b-TCP, b-TCP/ECM-7, and b-TCP/ECM-14 (A) in the absence of BMP-2 and (B) in the presence of
BMP-2. Data are presented as mean  standard deviation (n ¼ 3). An * is marked to show the signiﬁcant difference between groups (p < 0.05).

functional groups such as eOH [52]. Most of the BMP-2 was physically but weakly adsorbed on the surface, macropores, and micropores on the struts of the scaffolds. This probably explains the quick
adsorption of the BMP-2 to the b-TCP and the initial burst release of
the BMP-2 from the BMP-2-loaded b-TCP as shown in Fig. 7.
However, there are many functional groups in the ECM proteins,
such as eOH, eNH2, eCOOH, and CON-, which potentially provide

additional binding mechanisms or binding sites to growth factors,
such as BMP-2, through strong Coulombic interactions and
hydrogen bonding [52]. More importantly, the cell-derived natural
ECM matrix is composed of a vast number of ﬁbronectin, collagen
and laminin molecules, which have heparin sulfate proteoglycan
components. These components in the ECM have high afﬁnity for
heparin-binding growth factors, including BMP-2 [12]. Several
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Fig. 10. ALP activity of the hBMSCs on the b-TCP, b-TCP/ECM-7, and b-TCP/ECM-14 in the absence and presence of BMP-2. Data are presented as mean  standard deviation (n ¼ 3).
An * is marked to show the signiﬁcant difference between groups (p < 0.05).

studies have incorporated heparin-binding growth factors such as
BMP-2 into heparinized matrices [10,11] by taking advantage of the
higher afﬁnity of the heparinized matrices compared to collagen
alone. Studies also have shown that other similar growth factor
family members, such as BMP-7 and TGF-b1, also bind with higher
afﬁnity to the basal lamina components collagen IV (highest

afﬁnity), laminin, and collagen I [53e55]. From those studies and our
experiments, it is clear that the cell-derived natural ECM can provide
multiple binding mechanisms, including heparin-speciﬁc binding
with growth factors, and can potentially regulate the release of
growth factors. With this in mind, we can say that the changes in the
binding mechanisms between the BMP-2 and the b-TCP/ECM-7 or

Fig. 11. Alizarin Red S-stained calcium mineral nodules deposited by the hBMSCs after incubation for 14 and 21 days in the absence and presence of ECM and/or BMP-2. (A, G) b-TCP
scaffolds without BMP-2; (B, H) b-TCP scaffolds with BMP-2; (C, I) b-TCP/ECM-7 scaffolds without BMP-2; (D, J) b-TCP/ECM-7 scaffolds with BMP-2; (E, K) b-TCP/ECM-14 scaffolds
without BMP-2; (F, L) b-TCP/ECM-14 scaffolds with BMP-2.
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Fig. 12. Calcium content extracted from the mineralized matrix produced by hBMSCs after incubation for 14 and 21 days in the absence and presence of ECM and/or BMP-2. Data are
presented as mean  standard deviation. An * is marked to show the signiﬁcant difference between groups (p < 0.05).

the b-TCP/ECM-14 are probably responsible for the slower loading
and release kinetics of the BMP-2 compared to those of the b-TCP.
Optimized growth factor release kinetics can signiﬁcantly
improve therapeutic responses due to different dose requirements
in different phases in physiological bone repair, i.e. the inﬂammatory, chondrogenic, and osteogenic phases [56]. The in vitro biological evaluation has indicated that the b-TCP/ECM-14/BMP-2
sustainably promoted the differentiation of the hBMSC by sustainably releasing the BMP-2, while the b-TCP/BMP-2 only had an
initial boost of cell differentiation by an initial burst release of the
BMP-2. Although more studies are needed to analyze the precise
molecular interactions between the BMP-2 and the ECM with
multiple components, these results suggest that the ECM could be
used to control the release of the BMP-2 in a sustained manner and
that the released BMP-2 was still biologically active and induced
osteoblast differentiation. Due to the binding of growth factors to
ECM components, the effects of growth factors and ECM are
interdependent. When the cells were seeded on the ECM/b-TCP, the
cell surface-associated matrix metalloproteinase broke down the
ECM, releasing the bound growth factors, which then carried out
their biological roles. At the same time, the degradation of the
b-TCP also partially released the ECM deposited on it, thus releasing
the growth factors trapped in the ECM. Although it is still unclear
whether the released amount of the BMP-2 was at the optimal dose
for tissue regeneration, this in vitro release study has shown that
the release of the BMP-2 could be regulated using the amount of the
ECM deposited on the b-TCP at different culture times. These results
further imply that natural ECM may function as a release carrier of
multiple growth factors and this principle could be widely applied
to create ECM with various maturities to control and enhance
bioactivity.
Studies have indicated that a variety of matrix proteins such as
osteopontin, thrombospondin, and bone sialoprotein are important
in bone cell migration, proliferation, matrix deposition, and mineralization [57]. As shown in Figs. 9e12, the b-TCP/ECM-7 and the
b-TCP/ECM-14 signiﬁcantly enhanced the cell proliferation at the
initial time points, but not osteogenic differentiation and

mineralization, as compared to the b-TCP. The enhancement of
proliferation is probably due to the effect of matrix proteins. It is
worth noting that the biodegradable b-TCP scaffolds may mask the
enhanced calcium mineral deposition by cell-derived ECM
compared to previous results on titanium and polymeric scaffolds
[26e28]. In addition, the BMP-2 released from the ECM signiﬁcantly
enhanced the thickness and elongation of F-actin as shown in Fig. 8
and Table 2. The accumulation of F-actin is an early and critical event
in cell maturation and function [58]. This result was consistent with
the previous report that BMP-2 induced reorganization of the actin
cytoskeleton [46,47]. As expected, the scaffolds with loaded BMP-2
promoted osteogenic differentiation and calcium mineral formation more than those without BMP-2 loading. More importantly, as
shown in Figs. 10 and 12, the sustainable release of BMP-2 from the
b-TCP/ECM-14/BMP-2 signiﬁcantly enhanced osteogenic differentiation and mineral formation compared to the b-TCP/BMP-2. Therefore, bone matrix proteins deposited on the scaffold provided
biological cues via cellematrix interactions to promote cell growth
and mineralization.
5. Conclusions
This work demonstrates a potential method for the creation of
a bony microenvironment. These results show that a cell-derived
ECM on an interconnected porous biodegradable b-TCP scaffold
signiﬁcantly slows the loading and release kinetics of BMP-2 and
regulates cell responses. Therefore, the cell-derived ECM on the bTCP is a promising platform not only for providing biological cues
for cell responses, but also for binding and controlling the release of
single or multiple exogenous growth factors.
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