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Abstract Acellular biological tissues, including bovine
pericardia (BP), have been proposed as natural biomaterials
for tissue engineering. However, small pore size, low
porosity and lack of extra cellular matrix (ECM) after
native cell extraction directly restrict the seed cell adhe-
sion, migration and proliferation and which is a vital
problem for ABP’s application in the tissue engineered
heart valve (TEHV). In the present study, we treated
acellular BP with acetic acid, which increased the scaffold
pore size and porosity and conjugated RGD polypeptides to
ABP scaffolds. After 10 days of culture in vitro, the human
mesenchymal stem cells (hMSCs) attached the best and
proliferated the fastest on RGD-modified acellular scaf-
folds, and the cell has grown deep into the scaffold. In
contrast, a low density of cells attached to the unmodified
scaffolds, with few infiltrating into the acellular tissues.
These findings support the potential use of modified acel-
lular BP as a scaffold for tissue engineered heart valves.

1 Introduction

Heart valve disease is a significant cause of mortality
worldwide. Prosthetic valve implantation is the most
common treatment for valvular disease. However, both
Mechanical prosthetic valve and bioprosthetic heart valve
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have shortcomings, such as embolism, wane, and an
inability to grow, making them unsuitable for treating
congenital heart defects. Consequently, many researchers
are now exploring tissue engineering strategies to develop
live heart valves.

Bovine pericardium is not only the sources of the most
popular bioprostheses used in cardiac surgery, but also a
prospective scaffold for TEHV after acellular treatment.
Compared with synthesized material that used in tissue
engineering scaffold, Acelluar bovine pericardium (ABP)
has advantages of good mechanical property. And ABP is
composed of native extracellular matrices (ECMs),
including collagen, elastin, and various glycosaminogly-
cans (GAGs) [1], and has been used as a natural bioma-
terial scaffold for tissue-engineered heart valves (TEHVs)
[2-7]. These ECM components can bind to and modulate
various proteins, including growth factors and cytokines
essential for cellular adhesion, migration, proliferation, and
differentiation [8].

Although ABPs have native ECMs that make them
potential natural scaffolds for tissue engineering, their
average pore size (~25 um) and interconnectivity/porosity
(~60%) are lower than those of synthetic scaffolds
(250 pm and 90%) and are unsuitable for cell growth [9,
10]. Furthermore it was previously supposed that ABP had
natural ECM components that could mimic the entire
growth environment and mediate the cell adhesion cascade.
However, results have since shown that it is hard for cells
to grow after scaffold attachment, and no significant
improvement is obtained compared to synthetic scaffolds.

The RGD sequence, a cell adhesion recognition motif
found in materials such as collagen, fibronectin (FN), and
tenascin C [11-13], is the ligand for integrin-mediated cell
adhesion and is vital for cell behavior and cell cycle sig-
naling [14]. The RGD sequence is also the most effective
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cell recognition motif used to stimulate cell adhesion on
artificial surfaces [15, 16]. Therefore, conjugating RGD
polypeptides to a biomaterial scaffold should improve the
efficiency of cell attachment and proliferation.

Heart valves form from cardiac cushions that protrude
from the underlying myocardium, forming thin, tapered
leaflets with a single endothelial cell layer and a central
extracellular matrix (ECM) comprised of collagen, elastin,
and glycosaminoglycans. Each component of the ECM is
synthesized, enzymatically degraded, and maintained by a
heterogenic resident population of interstitial cells dis-
persed throughout the leaflet. These valve interstitial cells
(VICs) is made up of fibroblasts, smooth muscle cells, and
myofibroblasts. Bone marrow-derived mesenchymal stem
cells (MSCs) have some similar characteristics to native
VICs, and are currently used as the prime candidates for
TEHV [17]. MSCs have the potential to differentiate into a
number of cell types and are easily accessible. Moreover
they have good proliferative capacity and demonstrate
immunological tolerance [18]. It has thus been concluded
that MSCs may be a potential cell source for the tissue
engineering of heart valves.

In this study, ABP was treated with AcOH after cell
extraction, and RGD polypeptides were directly coupled to
the scaffolds. We hypothesize that an RGD-modified,
AcOH-treated porous ABP should support allogenic
hMSCs adhesion, migration and proliferation. The cellular
morphology and proliferation of the cell-seeded scaffolds
were quantified with various biochemical assays.

2 Materials and methods

The study received ethical permission from the Fourth
Military Medical University Ethical Committee, that gave
consent for the use of bone marrow samples for research,
that would otherwise be disposed of. The study complied
with the Declaration of Helsinki.

2.1 Sample preparation

Unless otherwise noted, all reactions were performed at
room temperature. Cellular components were removed
from slaughterhouse BP using a modified previously
reported method [5, 9]. The BP were incubated for 3 hin a
hypotonic Tris buffer (TBS, pH 7.4) containing the prote-
ase inhibitor PMSF (0.35 mg/l), following which 1% Tri-
ton X-100 (Biosharp, USA) was added and incubated for
4 h at 4°C. Samples were thoroughly rinsed in Hank’s
balanced salt solution (HBSS), digested with DNase and
RNase at 37°C for 1 h, extracted for 4 h with Triton X-100,
then washed for 48 h in HBSS. Acellular tissues were
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immersed in AcOH (0.2 M) for 1 h, rinsed in phosphate-
buffered saline (PBS) to neutralize the pH, and lyophilized.

2.2 Characterization of scaffolds

At least five samples from each group were fixed in 10%
phosphate-buffered formalin for more than 4 h, paraffin-
embedded, sectioned (5-pum thickness), and stained with
hematoxylin and eosin (HE). Masson’s trichrome, van
Gieson, and safranin-O stains were used to visualize the
collagen, elastic fibers, and GAGs, respectively [19-22].
The GAG content was measured using dimethylmethylene
blue and heparin as a standard [23]. Pore sizes were
quantified using light microscopy and ImagePro Plus
(Media Cybernetics, USA), and porosities were determined
by helium pycnometery [21].

Fresh BP, ABP and AcOH further treated ABP(AA)
tissues are mechanically and optically anisotropic due to
their preferential collagen fiber orientation [24, 25].
Dumbbell-shaped tissue strips were cut parallel to the
preferential orientation [26]. Using an apparatus similar to
one described previously [24], 5 samples from each group
were mechanically tested at a constant speed of 10 mm/
min on an Instron material testing machine (3342, USA)
[26]. Mean sample thicknesses were obtained by microm-
eter (Digimatic Micrometer MDC-25P, Japan). Fracture
was defined to occur at the first decrease in load during
extension. Nominal stress was defined as the ratio of the
load to the initial cross-sectional area (A ;), fracture strain
as the percent strain at fracture, ultimate tensile strength as
the fracture force divided by A, and fracture tension as
the fracture load divided by the strip width. Denaturation
temperatures were determined with a differential scanning
calorimeter (Perkin-Elmer Model DSC 7, USA).

2.3 RGD preparation and conjugation

Some collagen-based scaffolds were covalently conjugated
with RGD peptides, as described previously [27]. After
hydrating AA tissues in PBS (pH 6.5) for 1 h, the aspartatic
and glutamic acid carboxyl groups were reacted for 15 min
with a PBS solution containing 1-ethyl-3-dimethylamino-
propyl carbodiimide hydrochloride (0.5 mg/ml; EDC) and
N-hydroxysuccinimide (0.7 mg/ml; NHS) (Pierce). Scaf-
folds were rinsed to remove excess EDC/NHS, reacted
with the GRGDSP peptide (Sangon, Shanghai, 0.1 mg/ml)
in PBS for 2 h, rinsed in distilled water, and air dried. To
observe RGD conjugation, 3 samples in each test group
were reacted with GRGDSP-Dansyl chloride (Sangon,
0.1 mg/ml) and observed by fluorescent microscopy (801,
Nikon, Japan). Samples directly reacted with GRGDSP-
Dansyl chloride in PBS (pH 7.4) served as negative
controls.
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2.4 Cell culturing and scaffold seeding
2.4.1 hMSCs isolation and culture

The hMSCs were isolated from the bone marrow of healthy
human donors aged 8—46 years. Briefly, a bone marrow
suspension was loaded over an equal volume of Ficoll and
centrifuged at 1800 rpm for 20 min. The top layer of
mononuclear cells was collected, washed three times with
DMEM, suspended in low glucose DMEM with 10% FCS,
100 pg/ml penicillin, 100 U/ml streptomycin, 4 mM
L-alanyl-L-glutamine, and plated at a density of 2 x 10°
cells/cm®. At the third passage, the MSC isolates express-
ing CD105 (SH2), CD29, CD44, in the absence of CD45,
MHC class 1I, CD31, CD14, CD34, B7, and vWF, were
further analyzed. Cells were used between passages 3
and 7.

2.4.2 hMSCs seeding on scaffolds

Once they reached 50% confluency, the hMSCs were
labeled for 48 h in vitro with 5-bromo-20-deoxyuridine
(100 mg/ml; BrdU, Sigma, USA) [28]. The cells were then
washed, harvested using a 0.05% trypsin solution, resus-
pended at 1 x 10° hMSCs in 10 ml of culture medium, and
seeded onto unmodified and RGD-modified acellular tis-
sues in a disk shape with a 10-mm diameter. Untreated
cellular tissue served as a negative control. All samples
were rinsed once in PBS and then in 0.1% peracetic acid
(PAA) in HBSS for 15 min before cell seeding. Cells were
adhered for 1 h, then unattached cells were removed with
PBS. After 90 min of incubation, 20 ml of culture medium
were added and incubated for 20 h.

2.4.3 Cellular attachment and proliferation

ABP, AA, RGD-modified ABP and AA (ABP-RGD, AA-
RGD) tissues were seeded with cultured hMSCs. Three
samples from each time-point were rinsed in Sorenson’s
buffer and fixed in 2% glutaraldehyde prior to SEM. Using
standard preparation techniques, samples for SEM were
dehydrated in graded alcohol (30-100%) followed by
several exchanges in absolute alcohol, and chemically
dried in hexamethyldisilizane. Samples were mounted on
carbon stubs, coated with a 4-nm layer of gold (Hitachi
E-1010 Ion Sputter, Japan), and photomicrographs used to
determine the cell numbers were captured at 5 kV and
200-3000x with a low-voltage, high-resolution SEM
(Hitachi S3400N, Japan). After 10 days of culture each
sample stained with hematoxylin and eosin (H&E) to
determine the ingrowth of cells.

DNA content was quantified with Hoechst Dye 33258
(Invitrogen, USA) to assess cell proliferation at 5 and 10

days. Briefly, cells were harvested from five samples of
each group by incubating with 0.05% trypsin. Cells were
centrifuged, lysed, and lysates were diluted 10 times and
incubated in equal volume of 0.1 mg/ml Hoechest 33258
for 10 min in 96-well plates. Fluorescence was determined
with a FLUOstar Optima fluorescent plate reader (BMG
Labtech, Offenburg, Germany) at 350 nm excitation and
445 nm emission. A DNA standard curve was constructed
to determine the DNA content in each sample.

To assess the metabolic activity, cell-seeded acellular,
AcOH-treated, and RGD-modified tissues were each
placed in a new 24-well plate, rinsed twice with HBSS, and
incubated in 10% alamarBlue (Biosource) in HBSS at 37°C
for 2 h. Cells incubated for the same length of time on
similarly treated plates served as positive controls, while
negative controls included ABP-only and alamarBlue-only
groups. Fluorescence readings were captured at 528 nm
(excitation) and 590 nm (emission) (FLx 800 Microplate
Fluorescence Reader, Bio-Tek Instruments, USA). Stan-
dard curves were generated for proliferation rate calcula-
tions and correlations between the fluorescence and cell
numbers. Interference by auto fluorescence of the ABP or
media was not seen.

2.5 Statistical analysis

Statistical analysis was performed to determine differences
between the measured properties of groups. One-way
analysis of variance was performed and confidence inter-
vals determined using a statistical program (SPSS, Version
12, USA). All data are presented as means with standard
deviations.

3 Results
3.1 Ultrastructures of the samples

The BP displayed numerous intact cells embedded within
the connective tissue matrix before cell extraction, while
the acellular tissue had large pores with increased inter-
connectivity. The increased pore size could be attributed to
protonization of the tissue amino groups (i.e., free amino
groups on the collagen) via AcOH treatment, which can
expel the adjacent structural collagen fibrils [9] (Fig. la—c).
The average pore size, porosity, denaturation temperature,
and ultimate tensile strength of the AcOH-treated acellular
tissue were 162.2 £ 243 um, 94.7 £ 1.8%, 739 £
0.58°C, and 9.9 £ 0.8 MPa, respectively (Table 1).
Masson’s trichrome revealed large open spaces (pores)
within the AcOH-treated tissues, some of which were
significantly larger than the others and non-spherical
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Fig. 1 HE staining (a—c), Masson’s trichrome staining (d—f), Safranin-O staining (g—i) and SEM micrographs (j-1) of cellular (left), acellular
(middle), and AcOH-treated acellular (right) tissues. Scale bars, 100 (a—i) pm

(Fig. 1d—f). The average distance between adjacent fibrils
in the acellular tissue was significantly larger than that
observed in the cellular tissue (Table 1). AcOH treatment
increased the pore size significantly, with an average final
size of ~160 um in each direction. The porosities of the
cellular (58.1%), acellular (67.3%), and AcOH-treated
(94.7%) tissues also differed significantly (Table 1).
SEM revealed no apparent differences in the surface
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morphologies of the cellular and acellular tissues. In con-
trast, collagen bundles on the AcOH-treated tissue surfaces
were much looser (Fig. 1j-1).

3.2 Characterization of scaffolds

Safranin-O staining revealed comparable GAG contents of
the acellular and AcOH-treated tissues, which were
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Table 1 Measured physical, biophysical, and mechanical properties of each studied sample

Test samples® Pore size (um) Porosity (%)

Denature temperature (°C)

Ultimate tensile GAG content

strength (MPa) (wWt%)
Cellular tissue N/A 58.1 + 1.4% 76.7 £ 0.74 144 + 1.1 0.68 £ 0.06
Acellular tissue 45.7 + 10.5 67.3 & 1.20%** 74.2 £ 0.44%* 12.6 £ 0.6% 0.45 £ 0.08**
Acetic acid tissue 162.2 & 24.3%4 94.7 + 1.8%**2A 73.9 + 0.58% 9.9 £ (.8#*A 0.43 + 0.03%*

* All results are given as the mean + SD of n = 5 samples from each group. Compared with cellular tissue, * P < 0.05, ** P < 0.01; compared

with acellular tissue, Ap< 0.05, AA P <0.01
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Fig. 2 Representative stress—strain curves for cellular, acellular and
AcOH-treated acellular tissues

significantly lower than their cellular counterparts
(Fig. 1g—i, Table 1). Compared with the cellular group, the
denaturation temperatures of the acellular and AcOH-
treated tissues were significantly reduced. No significant
differences were found between the acellular and AcOH-
treated groups (Table 1). The ultimate tensile strength of
the acellular tissue decreased significantly after cell
extraction (Fig. 2). That of the AcOH-treated tissue
remained at 9.9 £ 0.8 MPa, though significantly lower
than the cellular tissue group, it still remained good
mechanical property compared with synthesized material,
and suitable for tissue engineering applications (Table 1).

3.3 RGD-conjugated scaffolds and cell culture

The RGD peptide was effectively conjugated with the
modified acellular scaffold, since GRGDSP-Dansyl chlo-
ride was highly positive in the AA and ABP groups, but the
negative controls showed little fluorescence (Fig. 3). The
hMSCs attached to the culture surface and showed a
fibroblast-like appearance after 1 week in culture. Cells
passaged once displayed a fibroblast-like, spindle-shaped
morphology under phase contrast. Flow cytometry revealed
the strong expression of CD44, CD166, and CD29, while
CD34, CD45, CD14, and HLA-DR were not detected,

confirming that the hMSCs were from a non-hematopoietic
origin (data not shown). The immunophenotypic profile did
not change after five passages, suggesting homogeneity.

3.4 Cell seeding on scaffolds

The hMSCs in the AA-RGD group proliferated faster than
those in the ABP or AA groups at all five time points. After
10 days in culture and at the last four time points, signifi-
cantly different cell numbers of hMSCs were found in the
AA-RGD and ABP-RGD groups (Fig. 4a). Similar fluo-
rescence readings were obtained for unseeded ABP- and
alamarBlue-only controls, indicating that PAA successfully
rendered any residual cells in the ABP nonviable. The DNA
contents of the AA-RGD group at 5 and 10 days were 35.52
and 41.34 pg/scaffold, respectively, while those in the
ABP-RGD group were significantly lower (29.73 and
31.97 pg/scaffold, respectively). The DNA contents of the
ABP and AA groups were significantly lower than those of
the AA-RGD group at 5 and 10 days (Fig. 4b).

SEM revealed that cells had attached to the ABP, AA,
ABP-RGD, and AA-RGD tissues by 10 days of culture
(Fig. 5). The AA-RGD sample clearly showed enhanced
attachment; the cells appeared to have expanded, and the
scaffold were embedded in a proliferating viable cell mass.
Visually, cell attachment and expansion on the ABP were not
as prolific as that on the RGD-modified ABP, and there was
no significant cell expansion on the ABP scaffold. Signifi-
cantly more hMSCs grew into the scaffold in the AA-RGD
group, as indicated by HE staining; in the ABP group, only a
single cell layer formed on the scaffold surface (Fig. 5).

Histological assessment revealed that the scaffold
maintained its pore size, structure, and porosity after 10
days of culture in both groups. The AA-RGD group dis-
played a higher cell density than the other groups. The
hMSCs grew predominantly along the micropores and dis-
played a semi-ovoid or spindle-shape morphology (Fig. 6).

4 Discussion

We treated ABP with AcOH, yielding scaffolds that dis-
played an increased pore size and porosity. Conjugation of
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Fig. 4 a Cellular proliferation on BP, ABP, RGD-modified ABP and
AA over 10 days as measured by alamarBlue. The MSCs number
increases during the 10-d culture period. Compared with ABP,
*P < 0.05, **P < 0.01; compared with ABP-RGD, “P < 0.05.

synthesized RGD polypeptides to these scaffolds further
enhanced their cell adhesion ability. In contrast, a low
density of cells attached to the unmodified scaffolds, with
few infiltrating into the acellular tissues. Our findings
support the further study of modified ABP as a potential
scaffold for TEHVs.
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b Quantification of DNA in the ABP, ABP-RGD, AA, AA-RGD
groups at 5 and 10 days. Compared with ABP, *P < 0.05,
**P < 0.01; compared with ABP-RGD, Ap <0.05

A tissue-engineered ECM must be highly porous to be
effective [29, 30], leading researchers to study methods to
increase scaffold pore sizes. Although acellular biological
scaffolds are more suitable than synthetic scaffolds for
tissue engineering, we found that the pore size and porosity
of ABP remained unsuitable for hMSC growth. To form



J Mater Sci: Mater Med (2009) 20:2327-2336 2333

Fig. 5 Scanning electron photomicrographs depicting valvular cell proliferation on ABP (a), ABP-RGD (b), AA (c), AA-RGD (d) after 10 days
in culture. The hMSCs form a confluent layer on the AA-RGD scaffold surface and long cytoplasmic extensions

Fig. 6 HE stain after 10 days of culture on ABP (a), ABP-RGD (b), AA (c), and AA-RGD (d) in vitro. The MSCs grow deep into the scaffold in
AA-RGD group, but form only a single layer on the surface of the scaffold in the AB group. Scale bars, 100 pm
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distinct pore sizes and porosities within the matrix, we
protonized the amino groups of the acellular tissues via
AcOH treatment. This process substantially increased the
distance between adjacent fibrils, significantly increasing
the porosity and thickness of the AcOH-treated tissues
compared to untreated acellular tissues (Table 1). Fur-
thermore, tightly banded collagen fibers restrict nutrients
and oxygen from the inner space of the BP. Acetic acid
(AcOH) treatment can increase the pore size and porosity
of these scaffolds, allowing increased in vitro seeded cell
density, in vivo blood invasion, and oxygen and nutrient
supply to the cells [31]. SEM revealed that the collagen
bundles on the surface of the AcOH-treated tissue had
become loose (Fig. 1).

The increased pore size and porosity associated with
AcOH treatment may have been caused by increased water
content, perhaps made possible by the removal of nonpolar
lipids [5]. The AcOH-treated tissues showed substantial
hMSCs infiltration into the scaffold interstices 10 days
after cell seeding in vitro, compared to a low density of
infiltrating hMSCs in the acellular tissues and nonexistent
penetration into the cellular tissues (Fig. 6). Furthermore,
the ultimate tensile strength was significantly reduced by
cell extraction and AcOH treatment, which may be attrib-
uted to the greater pore size and porosity of these two
groups. But still the value remained at nearly 10 MPa
(Fig. 2), which was significantly higher than synthesized
material [32].

RGD peptides were first identified by Pierschbacher and
Ruoslahti as the minimal cell adhesion peptide sequence in
FN [11]. Since then, RGD sequences have been identified
in vitronectin, collagen, and membrane proteins [33]. All
RGD sequences are recognized by at least one integrin, cell
adhesion receptors that control various cell signaling
pathways. Cells migrate on the ECM using integrins, and
the covalent coupling of RGD peptides to a biomaterial
surface increases cellular adhesion and growth [34, 35].
Thus, RGB peptides are often used to stimulate cell
adhesion to synthetic surfaces [15, 36, 37].

We conjugated an RGD peptide to AcOH-treated ABP,
to improve cell adhesion and growth. The RGD peptide
could be tightly conjugated to the ABP scaffold by EDC/
NHS (Fig. 3). Furthermore, hMSC adhesion on the acel-
lular tissue was enhanced by the RGD peptide, due to the
presence of collagen-linked RGD. Without RGD modifi-
cation, the AcOH-treated acellular tissues displayed only a
small improvement in scaffold cellularity over RGD-
modified porous acellular tissues (Fig. 4a). Previous stud-
ies have also shown that cell attachment is dose-dependent
on RGD modification levels.

Ten days after MSC implantation, the AA-RGD group
showed significantly cell ingrowth in vitro. In contrast, the
AcOH-treated ABP and RGD-modified acellular tissues
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had little ingrowth, and almost no cellular ingrowth
occurred in the unmodified acellular tissue group (Fig. 6).
The DNA contents at 5 and 10 days in the AB-RGD, AA,
and AA-RGD groups were significantly higher than in the
AB group, and were significantly different between the
AA-RGD and AB-RGD groups (Fig. 4b). These results
indicate that a proper pore size and porosity may improve
cellular ingrowth, and that conjugated RGD peptides effi-
ciently enhance cell adhesion.

The expression and organization of the ECM are critical
for native tissue and engineered constructs. The ECM is a
dynamic entity that signals or cues adherent cells to store or
release bioactive factors, and thus controls many aspects of
cellular behavior. After coupling RGD peptides, more
hMSCs attached to the acellular tissues and expressed
various integrins and ECM components, particularly those
pertinent to valve integrity. Selective ECM expression by
MSCs has previously been demonstrated at the RNA level
[38]. Both MSCs and ICs express collagen I over time and
deposit it extracellularly. This behavior is crucial in valve
tissue engineering, as collagens comprise 60% of the total
ECM content of the valves [39] and provide strength to the
tissue.

5 Conclusions

Fresh BP cells were extracted and treated with AcOH to
enlarge the inner space of the acellular tissue. After AcOH
treatment, the tissue still remained good mechanical
property. Furthermore, with RGD peptides modification the
adhesion and proliferation of MSCs enhanced significantly.
These findings support the hypothesis that modified with
AcOH and RGD peptides ABP may serve as a potential
scaffold for TEHVs. Future studies may involve the crea-
tion of the incorporation of additional biomolecules within
the scaffold, and investigations into MSC differentiation.
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