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ABSTRACT

Objectives: Conventional glutaraldehyde fixation is con-
ducive to calcification of bioprosthetic tissues. The aim of
this study was to test calcification resistance of procyanidin-
treated decellularized porcine aortic valve in a rat model.

Materials and methods: We performed cross-linking of
the decellularized porcine aortic heart valves by procyanidins
and observed morphologic performance and examined the
tensile strength and cross-linking index. Then we implanted
subcutaneous samples of procyanidin cross-linking decel-
lularized valves, glutaraldehyde cross-linking decellularized
valves, and decellularized valves in rats. The retrieved grafts
were stained with hematoxylin—eosin and von Kossa and were
analyzed with scanning electron microscopy and x-ray energy
dispersive spectroscopy (EDS) after 21 and 63 days.

Results: After decellularized and cross-linking pretreat-
ment, the procyanidin cross-linked leaflets were soft and
stretchable. In addition, the cellular components of the por-
cine aortic heart valve leaflets were completely removed, and
the extracelluar matrix was maintained completely. Examina-
tion of tensile strength revealed a significantly higher tissue
resistance to tension in procyanidin cross-linked tissue than
in other tissues, including the glutaraldehyde group (P <.05),
even though the extents of cross-linking of each group were
roughly the same at approximately 90%. Histopathologic
examination showed that the procyanidin cross-linked valve
matrix had no significant calcification, and there were no cal-
cium peaks in the EDS profile of procyanidin cross-linked
samples in the 21-day and 63-day rat studies.

Conclusion: This study demonstrated that procyanidin
cross-linked decellularized heart valves can resist calcification
to some extent.

INTRODUCTION

Heart valve diseases have significantly high mortality.
More than 275,000 prosthetic cardiac valves are implanted
all over the world annually [Simionescu 2004]. Mechanical
and xenogeneic bioprosthetic (tissue) valves are 2 primary
choices for heart valve substitutes. The key drawbacks to
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mechanical valves include the need for life-long anticoagula-
tion therapy, bleeding disorders, and flow dynamics that are
distinctly different from those of normal heart valves [Zilla
2008]. Although xenografts have many advantages, including
an unlimited supply of donor tissue, superior hemodynam-
ics, and fewer thromboembolic complications compared to
mechanical valves, tissue-based valves tend to have shorter
lifetimes owing to complications with calcification and leaflet
wear [Schoen 2005]. Previous studies have demonstrated that
conventional glutaraldehyde fixation is conducive to calcifica-
tion of bioprosthetic tissues [Schinke 1999; Schoen 1999b].
Therefore, other studies have investigated modifications of
and alternatives to conventional glutaraldehyde pretreatment
[Schoen 1999a] and fixation of bioprosthetic tissue (cusps and
aortic wall) with other cross-linking reagents such as amino-
oleic acid, ethanol, epoxy compounds, carbodiimides, and
acyl azide [Nemes 1985; Broyn 1986; Ferrans 1991; Schmitz-
Rixen 1991; Park 1994; Naimark 1995; Girardot 1996]. None
of these tissue fixatives, however, met the requirements for
the preparation of the heart valve bioprosthesis.

According to previous studies, cells are important in the
process of inflammation and mineralization of implants
[Pereira 1990]. The mineralization process of bioprosthetic
heart valves is initiated predominantly within nonviable con-
nective tissue cells that have been devitalized but not removed
by pretreatment procedures [Schmidt 2000]. These investiga-
tions indicate that decellularization approaches may reduce
host immune response to bioprosthetics and make the bio-
prosthetic matrix less prone to calcification. However, the use
of this approach on clinically implanted nonfixed homografts
has yielded unfavorable results [Bechtel 2003; Simon 2003].
The potential reason may be inferior enzymatic degradation
resistance and mechanical performance attributable to the
lack of cross-linking pretreatment.

Procyanidins are particularly important polyphenols as
complements to the organism’s antioxidant defense system.
Procyanidins are potent free-radical scavengers and are
preventive against cardiovascular diseases, cancer, and other
disorders; they are increasingly used as natural food addi-
tives, acting as flavoring, coloring, and antioxidant agents
[Plumb 1998]. In addition to these bioactivities, Han et al.
have reported that procyanidins can be used as a reagent for
cross-linking collagen materials [Han 2003]. Another study
indicated that procyanidins have low toxicity, and when used
as a cross-linking reagent they enhanced the mechanical ten-
sile strength, stability, and durability of the porcine heart
valves [Zhai 2006]. The anticalcific performance of heart
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Figure 1. Representative histomicrographs of procyanidin-treated decel-
lularized porcine aortic valve tissue. (Hematoxylin—eosin, original mag-
nification x200).

valves with procyanidin cross-linking has not been reported.
Therefore, we tested calcification resistance of procyanidin-
treated decellularized porcine aortic valves in a rat model.

MATERIALS AND METHODS

Decellularization Process

Fresh porcine aortic heart valves procured from a local
slaughterhouse were used as raw materials. After removal of
adherent fat, the porcine valves were stored in phosphate-
buffered solution at 4°C. The procedure used to remove the
cellular components from porcine aortic heart valves was
based on a previously reported method [Cebotari 2002]. Brief-
ly, porcine aortic heart valves were incubated in a D-Hanks
solution with 0.5% triton X-100, 0.5% sodium deoxycholate,
and 0.02% EDTA for 48 hours. Then the valves were incu-
bated with ribonuclease A (20 pg/mL) and deoxyribonuclease
(0.2 mg/mL) for 2 hours to remove cellular components. Af-
ter thorough rising with phosphate buffered saline (PBS), the
decellularized valves were stored in D-Hanks solution at 4°C.

Fixation Process

The decellularized valves were cross-linked by soaking in
procyanidins (a generous gift of Xi’an Guanyu Natural Prod-
uct R&D, Xian, China) solution with a concentration of 10
mg/mL in D-Hanks solution (pH 7.4) at 37°C under contin-
uous shaking. Control valves were cross-linked by 6.25 mg/
mL glutaraldehyde under the same conditions.

Morphologic Observations

The cross-linked decellularized valves were fixed in
10% formalin solution and embedded in paraffin. Vertical
cross sections of 5-pm thickness were obtained and stained
with hematoxylin—eosin. At the same time, the valves were
observed by scanning electron microscopy (SEM). The speci-
mens were fixed by immersion in glutaraldehyde (2.5%, in
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D-Hanks solution) for 4 hours. We then washed the speci-
mens 3 times with PBS solution, followed by dehydration in
ascending concentrations of ethanol (30%, 50%, 70%, 90%,
95%, 100% [volume/volume]) for 10 minutes each. The
specimens were dried with a 50% alcohol-hexamethyldisila-
zane solution (volume/volume) for 10 minutes, then in pure
hexamethyldisilazane for 10 minutes and finally air dried in
a desiccator overnight. The dried specimens were sputter-
coated with gold before observation.

Tensile Strength

To examine the tensile strength of the cross-linked decel-
lularized valve leaflets, each leaflet from an individual group
was cut along the collagen fiber direction to yield 1 strip with
a width of 4 mm and a length of 25 mm. A Shimadzu (Kyoto,
Japan) material testing instrument at a 2 mm/min extension
rate was used to measure the tensile strength of 6 tissue straps
in each group.

Evaluation of Cross-Linking Index
The extent of cross-linking is indicated by the cross-linking
index defined as:

cross-linking index (%) = (NH, - NHt)/NH, x 100

where NH, is the amount of free amino groups in the scaffold
before cross-linking and NH_ is the amount of free amino
groups in the scaffold after cross-linking.

The amount of free amino groups was determined by the
Ninhydrin assay associated with an enzyme-linked immuno-
assay reader (Tecan, Minnedorf, Switzerland).

Rat Implantation

Three different treated valve materials, procyanidin cross-
linking decellularized, glutaraldehyde cross-linking decel-
lularized, and decellularized valves, were implanted in rats.
Samples in each treatment group were sterilized by irradia-
tion with “°Co and color coded with a surgical suture before
implantation. Rat studies were performed in compliance with

Figure 2. Scanning electron microscope micrographs of decellularized

porcine aortic valve treated with procyanidins.
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the animal care committee guidelines for small animal opera-
tions. Three-week-old male Sprague Dawley rats were used.
They received a preoperative injection of ketamine hydrochlo-
ride 85 mg/kg by intraperitoneal injection. An incision was
made in the back of each rat, and samples of the 3 treatment
groups were implanted into individual subcutaneous pockets.
At the termination of the study (21 and 63 days) animals were
killed with intraperitoneal injection of Beuthanasia solution
(Schering-Plough, Union, NJ, USA), 86 mg/kg mixed 1:1 with
normal saline. Explanted samples were placed in 0.9% saline
for storage before analysis. Each tissue sample was removed
from the saline and sectioned in half. One-half of the tissue
sample was placed in 10% neutral buffered formalin and stored
for histologic examination. The second half of the tissue was
cleaned of host tissue and used for SEM x-ray energy dispersive
spectroscopy (EDS) analysis.

Histology

The retrieved grafts were fixed in 10% formalin solution
and embedded in paraffin. Vertical cross sections of 5-pm
thickness were obtained and treated with hematoxylin-eosin
and von Kossa staining.

SEM-EDS Analysis

The retrieved grafts cleaned of host tissue were analyzed
with SEM-EDS (LEO 440i; Leo Electron Microscopy,
Cambridge, UK).

Statistics

All data are reported as mean + SD. The unpaired Student
t-test was used for analyses. Statistical significance was de-
fined as P < .05. The SPSS statistical software package 13.0
for Windows (SPSS) was used for statistical analysis.

RESULTS

Preparation of Cross-Linking Decellularized Valves

The color of decellularized valve leaflets cross-linked by
procyanidins changed to a slight crimson. The procyanidin
cross-linked leaflets were soft and stretchable whereas the
glutaraldehyde cross-linked leaflets were rigid and slightly
contracted. After decellularizing and cross-linking pretreat-
ment, the cellular components of the porcine aortic heart
valve leaflets were completely removed, and the extracelluar
matrix was maintained completely (Figures 1 and 2).

Tensile Strength

The valve matrix tensile strengths were 21.7 + 2.1 MPa
(n = 6) for procyanidin cross-linked, 10.9 = 3.4 MPa (n = 6)
for glutaraldehyde cross-linked, 9.7 + 1.7 MPa (n = 6) for
non—cross-linked decellularized, and 9.3 = 1.4 MPa (n = 6)
for native valve leaflets. These results are shown in Figure 3.
Examination of tensile strength revealed significantly higher
tissue resistance to tension in procyanidin cross-linked tissue
than in others (P < .05).

Extent of Cross-Linking
The extent of cross-linking of the cross-linked decellular-
ized valves prepared with procyanidins and glutaraldehyde is
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shown in Figure 4. The extent of cross-linking of each group
was approximately the same, at about 90%. (The extent of
cross-linking of the procyanidin cross-linked valve matrix was
90.7 + 6.1% [n = 6], and the extent of cross-linking of glutar-
aldehyde cross-linked valve matrix was 89.3 + 7.6% [n = 6]).
There were no significant differences in the degree of cross-
linking between the procyanidin cross-linked and glutaralde-
hyde cross-linked valve matrix.

Histological Evaluation

Histopathologic examination of the valves from the 21-
day rat study indicated that the greatest degree of calcifica-
tion was in the glutaraldehyde cross-linked valve matrix. The
degree of calcification in the procyanidin cross-linked valve
matrix was similar to the decellularized group, which showed
no significant calcification (Figure 5). In the 63-day rat study,
the greatest degree of calcification occurred in the glutaral-
dehyde cross-linked valve matrix, followed by the decellular-
ized group, whereas the procyanidin cross-linked valve matrix
showed no significant calcification (Figure 5). Calcification of
each group was localized primarily in the interface between
the valve and host tissue.
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Figure 3. The tensile strength of procyanidin cross-linking decellularized
valves (PA), glutaraldehyde cross-linking decellularized valves (GA), and
decellularized valves (DA). The tensile strength of valves cross-linked by
procyanidins was higher than that of valves that were non—crosslinked
or crosslinked by glutaraldehyde; *P < .05.
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Figure 4. The cross-linking index of procyanidin cross-linking decellular-
ized valves (PA) and glutaraldehyde cross-linking decellularized valves
(GA). There were no significant differences; P > .05.
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Figure 5. Histomicrographs showing calcium distribution in biopros-
thetic rat explants. (A) Procyanidin cross-linking decellularized valves
in the 21-day rat study. (B) Glutaraldehyde cross-linking decellularized
valves in the 21-day rat study. (C) Decellularized valves in the 21-day rat
study. (D) Procyanidin cross-linking decellularized valves in the 63-day
rat study. (E) Glutaraldehyde cross-linking decellularized valves in the
63-day rat study. (F) Decellularized valves in the 63-day rat study. (Von
Kossa stain, original magnification x200).

EDS Analysis

Figure 6 shows the EDS profile of explants from the 21-
day and 63-day rat studies. There are no calcium peaks in the
EDS profile of procyanidin cross-linked samples either the
21-day or the 63-day rat study. The EDS profile indicates
that the greatest degree of calcium deposits occurred in the
glutaraldehyde cross-linked valve matrix after being embed-
ded subcutaneously for 21 and 63 days. The calcium peaks
are more significant for 63-day than the 21-day rat study. In
the decellularized group, calcium peaks are absent in 21-day
rat study, whereas very low calcium peaks are present in the
63-day rat study.

DISCUSSION

Because of the multiple shortcomings of conventional
prostheses, valve replacement is usually done with bio-
prosthetic heart valves. The production of currently used
bioprostheses requires glutaraldehyde fixation, which in it-
self has been shown to contribute to degeneration [Bernacca
1994; Mako 1997]. Therefore, various anticalcification treat-
ment protocols have been developed to improve durability
[Pettenazzo 2001]. The mineralization process in the cusps of
bioprosthetic heart valves is initiated predominantly within
nonviable connective tissue cells that have been devitalized
but not removed by glutaraldehyde pretreatment proce-
dures [Levy 1983; Schoen 1985; Valente 1985; Schoen 1986].
This dystrophic calcification mechanism involves reaction of
calcium-containing extracellular fluid with membrane-associ-
ated phosphorus, causing calcification of the cells. Therefore,
in this study we used 2 main pretreatment procedures, decel-
lularization and procyanidin cross-linking.

Before being cross-linked by procyanidins, we first ob-
tained a cell-free valve matrix by a decellularization process.
The results of this study indicate that decellularization can
contribute to anticalcification of valves. Decellularized valves
are always used as the scaffold material for tissue-engineered
heart valves. Decellularization methods have been pursued
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as a means to create completely acellular tissues for use as
biomaterial implants, because residual cellular components
and lipids within processed tissue may promote calcification
[Courtman 1994; Wilson 1995; Schmidt 2000; Schoen 2005].
For tissue engineering purposes decellularization is consid-
ered the method of choice to reduce or eliminate antigenicity,
whereas for bioprosthetic valves decellularization approaches
can be used to remove the calcinuclea in addition to reduc-
ing antigenicity. In this study, the cellular components of the
porcine aortic heart valve leaflets were completely removed,
and the extracelluar matrix was maintained completely (Fig-
ures 1 and 2) after decellularization pretreatment. Histo-
pathologic examination showed significantly less calcification
in the decellularized than in the glutaraldehyde cross-linked
valve matrix in the 21-day and 63-day rat studies. Addition-
ally, the EDS profile showed that in the decellularized group
calcium peaks were absent in the 21-day rat study, whereas
the very low calcium peaks were present in 63-day rat study.
These results indicated that decellularization treatment of
the bioprosthetic matrix lowers immunogenicity and makes
the material less prone to calcification, similarly to results of
previous studies.

These effects of decellularization are not sufficient, how-
ever. The use of natural biomaterials has typically required
chemical or physical pretreatment aimed at preservation
by enhancing the resistance of the material to enzymatic or
chemical degradation, reduction of immunogenicity, and
sterilization [Rapoport 2007]. Early failure of the SynerGraft
(Cryolife; Kennesaw, GA, USA) indicated that decellularized
valves required additional treatment [Bechtel 2003; Simon
2003]. Although cross-linking reagents may be the appro-
priate treatment choice, many new cross-linking methods
expected to replace glutaraldehyde pretreatment were not
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Figure 6. EDS spectrum for bioprosthetic rat explants. (A) Procyani-
dins crosslinking decellularized valves in the 21-day rat study. (B) Pro-
cyanidins crosslinking decellularized valves in the 63-day rat study. (C)
Glutaraldehyde crosslinking decellularized valves in the 21-day rat study.
(D) Glutaraldehyde crosslinking decellularized valves in the 63-day rat
study. (E) Decellularized valves in the 21-day rat study. (F) Decellular-
ized valves in the 63-day rat study.
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ideal because of problems with mechanical tensile strength,
stability, and durability. In this study we chose procyanidin, a
new cross-linking reagent with low toxity that enhances the
mechanical tensile strength, stability, and durability of animal
heart valves [Han 2003; Zhai 2006].

Procyanidins are particularly important polyphenols be-
cause they are complements to the organism’s antioxidant
defense system [Packer 1999]. Procyanidins have many bio-
activitive functions [Shahat 2002; Aldini 2003; Jayaprakasha
2003]. Unlike glutaraldehyde, which reacts with the e-amino
group of lysine residues in proteins and forms a covalent bond,
procyanidin cross-linking involves the formation of hydrogen
bonds between the phenolic hydroxyl and the matrix protein
amide carbonyl [Zhao 1999; Dongmo 2001]. In this study,
examination of tensile strength revealed significantly higher
tissue resistance to tension in procyanidin cross-linked tissue
than in other treated tissues, including the glutaraldehyde
group (P < .05), even though the extent of cross-linking of
each group of treated tissues we tested was roughly the same,
at about 90%. These results indicated that procyanidin is su-
perior to glutaraldehyde in enhancing mechanical strength.
On the other hand, histopathologic examination showed that
the procyanidin cross-linked valve matrix had no significant
calcification in the 21-day and 63-day rat studies. There were
no calcium peaks in the EDS profile of the procyanidins
cross-linked samples the 21-day and 63-day rat studies. Our
results showed that the procyanidin-fixed porcine heart valve
matrix significantly resisted calcification in a rat model, a re-
sult that was comparable to valves that were cross-linked by
glutaraldehyde or decellularized.

The anticalcification performance of procyanidins may be
associated with their effect on lipid metabolism [Ogino 2007;
Sugiyama 2007]. Cell membranes and other intercellular
structures are high in phospholipids, which can bind calcium
and serve as nucleators. Thus removal of cellular elements
and reduction of lipid content are very important factors for
preventing calcification. In this study, we used decellulariza-
tion to remove cellular content and then cross-linked the de-
cellularized valve matrix with procyanidins. Histopathologic
examination indicated that the procyanidin cross-linked valve
matrix had no significant calcification in the 21-day and 63-
day rat studies, whereas only decellularized valves showed
slight calcification in the 21-day and 63-day rat studies. EDS
profiles showed the similar results, with calcium peaks in the
63-day rat study occurring only in the decellularized group.

Our results suggest that the procyanidin cross-linking pro-
cess could have a beneficial effect on lipid removal in the valve
matrix, but this hypothesis was not evaluated in this study and
further studies would be required.

Although this study demonstrated significant anticalcifica-
tion in the procyanidins cross-linked decellularized valves in
vivo, there are many challenges to widespread application of
procyanidins for tissue graft treatment. Further purification of
the active cross-linking is needed, and optimal cross-linking
conditions need more investigation. The cross-linking matrix
performance may vary under conditions with differing Ph,
temperature, and concentrations. Long-term durability of
the procyanidin cross-linking decellularized valve is another
important problem that requires investigation. The present

E28

subdermal studies in rats must be confirmed in experimental
circulatory implants, such as sheep aortic or mitral valve re-
placements, to confirm that the hemodynamic and anticalcifi-
cation processes are active and effective in the blood-material
environment.

CONCLUSION

This study demonstrated that procyanidin cross-linked
decellularized heart valves can resist calcification to some
extent. These results suggest that decellularization and pro-
cyanidins might be new methods to prepare bioprosthetic
heart valve xenografts.
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