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The pericardium, a fibroserous sac which covers the
mammalian heart and provides protection for the
organ, contains pericardial fluid which acts as a lubri-
cant during the pumping action of heart. The avail-
ability of this sheet of tissue first caught the attention
of cardiac surgeons, who began to use it first to correct
various cardiac defects, and later to create heart valves
(1-3). Although, subsequently, uses of the pericardium
expanded to other surgical specialties (4-6), the need
for an alternative source of tissue was soon realized as
access to human pericardial tissue is difficult and the
supply limited. Bovine, equine and porcine pericardia

have been used both clinically and experimentally for
many years, in addition to cadaveric human pericardi-
um. Human and bovine pericardia have been used
widely to repair congenital and acquired cardiac
defects, and also to create artificial heart valves. In
recent years there has been a progressive rise in the use
of bovine pericardial heart valves (7), and today peri-
cardial patches are used routinely and increasingly in
a variety of complex operations to remedy congenital
conditions.

When implanted in the human body, either as a
patch or as a bioprosthetic heart valve, the pericardium
undergoes degeneration and calcification and suffers
wear and tear. Indeed, degeneration and calcification
of the pericardium (especially in young patients) have
been important limiting factors in its continued use
(8,9). Currently, efforts are being directed towards pro-
ducing a pericardial material which is more durable
for various applications, including the creation of arti-
ficial valves. Consequently, different chemical treat-
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Background and aim of the study: Although bovine
pericardium has been used extensively in cardiotho-
racic surgery, its degeneration and calcification are
important limiting factors in the continued use of
this material. The study aims were to decellularize
bovine pericardium and to compare the biomechani-
cal properties of fresh and decellularized bovine
pericardia to those treated with different concentra-
tions of glutaraldehyde (GA).
Methods: An established protocol for decellulariza-
tion using sodium dodecyl sulfate was used, and his-
tological analysis performed to validate the
adequacy of decellularization. Contact cytotoxicity
was used to study the in-vitro biocompatibility of
variously treated pericardia. Mechanical testing
involved uniaxial testing to failure. Mechanical
properties of the fresh and decellularized pericardia
(untreated and treated with 0.5% and 0.05% GA) were
compared.
Results: Histological analysis of decellularized

bovine pericardium did not show any remaining
cells or cell fragments. The histoarchitecture of the
collagen-elastin matrix appeared well preserved.
Untreated decellularized pericardium was biocom-
patible in contact cytotoxicity tests with smooth mus-
cle and fibroblast cells. The GA-treated tissue was
cytotoxic. There were no significant differences in
the mechanical properties of fresh and decellularized
pericardia, but there was an overall tendency for GA-
treated pericardia to be stiffer than their untreated
counterparts.
Conclusion: An acellular matrix, cross-linked with a
reduced concentration of GA, can be produced using
bovine pericardium. This biomaterial has excellent
biomechanical properties and, potentially, may be
used in the manufacture of heart valves and pericar-
dial patches for clinical application.
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ments have been investigated in attempts to reduce the
calcific degeneration of pericardial tissue once
implanted in the human body (10-12).

The ideal heart valve substitute should combine sat-
isfactory long-term durability, excellent biocompatibil-
ity, and hemodynamic performance resembling that of
the natural heart valve. Although thromboembolic
complications and anticoagulant-related hemorrhage
with mechanical valves may impair the performance
of these devices, the longevity of tissue heart valves is
limited by deterioration resulting from both calcific
and non-calcific processes, and this usually necessi-
tates a difficult reoperation (13). The key differences
between natural and substitute biological valves
include the absence of endothelium and viable inter-
stitial cells, a mechanically altered collagenous matrix,
and residual fragments of non-viable donor interstitial
cells which serve as preferred loci for calcification (14).
Even autologous pericardial valves have shown a ten-
dency for calcific degeneration (15-17).

In the present study, it was hypothesized that the
decellularization of bovine pericardium would reduce
the propensity for calcification in vivo. In addition, fol-
lowing decellularization and sterilization of the peri-
cardium with peracetic acid, it would be possible to
reduce the level of glutaraldehyde (GA) used to pre-
serve the tissue (from 0.5% to 0.05%, v/v) and hence to
generate a tissue with appropriate biological and bio-
mechanical properties for preparing cardiovascular
patches and cardiac valve prostheses.

Initially, the study aim was to validate a protocol for
the decellularization of bovine pericardium, and sub-
sequently to investigate the in-vitro cytotoxic proper-
ties of decellularized and variously cross-linked
bovine pericardia.

In order to determine the biomechanical properties
of the materials, the study was divided into two parts.
In Part I, the mechanical properties of fresh and decel-
lularized pericardia (untreated, or treated with 0.5% or
0.05% GA) were compared. In Part II, the mechanical
properties of three groups each of fresh pericardia and
decellularized pericardia were compared, either
untreated, or treated with 0.5% or 0.05% GA.

Materials and methods

Tissue acquisition
Bovine hearts, along with the pericardial sac, were

harvested and transported from the abattoir within 4 h
of the animal’s slaughter. The prepericardial fat was
removed and the pericardium dissected free from its
attachment at the base of the heart around the great
vessels. Further dissection was carried out to clear the
pleura, fat, and loose areolar tissue. The thickened
pericardium near the attachments of the pericardio-

phrenic and the pericardiosternal ligaments was
excised and discarded.

Sampling and treatment of pericardium: Part I
Three areas of suitable tissue were identified on the

pericardium harvested from a single animal. Each of
the three areas was cut into 12 strips each of 5×40 mm
(Fig. 1). Six strips from each area were subjected to
decellularization and six were retained as fresh tissue.
Care was taken to ensure that matched samples of
fresh and decellularized tissue were obtained in order
to minimize the effects of regional variation in the
mechanical properties of the tissue.

The six fresh and six decellularized strips from the
first area were not subjected to further treatment. The
six fresh and six decellularized strips from the second
area were treated with 0.5% GA for 24 h at room tem-
perature, while the six fresh and six decellularized
strips from the third area were treated with 0.05% GA
for 24 h at room temperature. All of the strips were
then used for biomechanical testing.

In all six groups, additional pieces (three in each
group) of pericardium of (5×5 mm) were obtained and
treated alongside the six strips in the corresponding
group. These pieces were used for contact cytotoxicity
studies for each group, using porcine smooth muscle
cells (SMC).

Sampling and treatment of pericardium: Part II
Two areas of suitable tissue were identified on the

pericardium harvested from a second animal. Each of
the two areas was cut into 18 strips each of 5×40 mm
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Figure 1: Chart indicating how pericardial strips were cut
for fresh and decellularized groups. All boxes represents a

strip of pericardium of size 5×40 mm.
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(Fig. 2). Eighteen strips from the first area were decel-
lularized, and the other 18 were retained as fresh tis-
sue. Care was taken to ensure that matched samples of
fresh and decellularized tissue were obtained in order
to minimize the effects of regional variation in the
mechanical properties of the tissue.

Six fresh and six decellularized strips were not sub-
jected to further treatment. Six fresh and six decellu-
larized strips were treated with 0.5% GA for 24 h at
room temperature, while the remaining six fresh and
six decellularized strips were treated with 0.05% GA
for 24 h at room temperature. Thus, a total of six
groups was created.

In all six groups, additional pieces (three per group)
of pericardium (5×5 mm) were obtained and treated
alongside the six strips in the corresponding group.
These pieces were used for contact cytotoxicity studies
for each group, using human dermal fibroblasts
(HDF).

Decellularization and cross-linking of pericardium
The method for decellularization as described by

Booth et al. (18) was used, albeit with one modifica-
tion, namely to use double the quantity of solutions
during the process, but without altering reagent con-
centrations or their contact time. The thicker nature of
bovine pericardium (and the anticipated increased cell
load), compared to the porcine aortic valve leaflets
used by Booth et al. was borne in mind.

The pericardial tissue was first washed three times in
200 ml wash buffer (phosphate-buffered saline (PBS)
with aprotinin (0.1%, v/v; Bayer) and EDTA (0.01%,
w/v; Sigma) at 4°C and shaken (320 rpm) for 30 min.
The pericardium was then treated with 200 ml hypo-
tonic buffer (2 M Tris-HCl, pH 8.0, with aprotinin

(0.1%, v/v) and EDTA (0.01%, w/v)) at 4°C and shak-
en (320 rpm) for 16 h. Treatment was then continued
with 200 ml hypotonic buffer with sodium dodecyl
sulfate (SDS) (2 M Tris-HCl, pH 8.0 with aprotinin
(0.1%, v/v) and EDTA (0.01%, w/v) and SDS (0.1%,
w/v)) at 20°C and shaken (320 rpm) for 24 h. The peri-
cardium was washed three times with 200 ml PBS at
20°C for 30 min, and then treated with nuclease solu-
tion (2 M Tris-HCl, pH 7.5, 1 M MgCl2, bovine serum
albumin (50 mg/l; Sigma), deoxyribonuclease (50
U/ml; Sigma) and ribonuclease (1 U/ml; Sigma)) at
37°C and shaken (160 rpm) for 3 h. This completed the
decellularization process. Pericardium was then steril-
ized with 10 ml 0.1% (v/v) peracetic acid (Sigma) at
20°C for 3 h to prevent bacterial contamination. Any
excess of peracetic acid was removed with three wash-
es of 200 ml PBS at 20°C and shaken (320 rpm) for 30
min.

Samples of the decellularized pericardium was
stored in a sterile container at -40°C until tested.

Appropriate pericardial strips from both the parts of
the study were treated with 0.5% or 0.05% GA for a
period of 24 h, and mechanical testing was carried out
immediately after this to minimize the effects of ongo-
ing cross-linking.

Histological analysis
Two pieces (each 10×10 mm) were harvested from

fresh pericardium, and six from different regions of
decellularized pericardium during Part I of the study
for histological analysis and validation of decellular-
ization. These eight pieces were processed in an auto-
matic tissue processor and then embedded in molten
paraffin wax. Multiple sections (×6) of 5 µm thickness
were obtained and stained using hematoxylin and
eosin (H&E), Alcian blue, elastin Van Gieson and
Hoechst DNA stains (19).

Contact cytotoxicity testing
The contact cytotoxicity assay described by Wilcox et

al. (20) for biocompatibility testing of aortic valve
leaflets was used for this part of study.

Two vials of porcine SMC at passage 5, and two vials
of HDF (Cascade Biologics) at passage 6, were
retrieved from liquid nitrogen storage. Cells were res-
urrected using culture medium (Dulbecco’s MEM, 100
U/ml penicillin G sodium with 100 µm/ml strepto-
mycin and 2 mM L-glutamine; all from Invitrogen)
with 20% (v/v) fetal calf serum (FCS). Culture medium
with 10% (v/v) FCS was then added to the cells and
the suspension transferred to a 75-ml flask. The cells
were incubated at 37°C in 5% (v/v) CO2 in air. Cells
were observed regularly for morphology, confluence,
viability and bacterial contamination. The culture
medium was changed every 48 h.
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Figure 2: Chart indicating how 18 pericardial strips were
cut for Part II of the study from fresh pericardium.

Another 18 strips were cut from another area of
pericardium which was decellularized. Each shaded box
represents a strip of pericardium of size 5×40 mm. glut:

Glutaraldehyde.
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Three pieces of pericardium (5×5 mm) from each
group were attached to the center of a well in a 12-well
tissue culture plate using a drop of collagen gel (acid-
solubilized rat tail collagen neutralized with 0.1 M
NaOH). One drop of cyanoacrylate glue (VWR
International Ltd., Poole, UK) was placed into three
wells as a positive control, one drop of collagen gel
was placed in three wells as a negative control for the
gel, and three wells were left empty (no adhesive or
tissue) to act as negative controls. Porcine SMC and
HDF were seeded into the wells at a density that
would allow the cells to achieve confluency on attach-
ment. The plates were then incubated at 37°C in 5%
(v/v) CO2 in air for 48 h. The plates were viewed under
the microscope to determine the confluency and mor-
phology of the cells.

Uniaxial testing
Uniaxial testing was used to compare the mechanical

properties of all 12 groups. Strips of pericardium (5×40
mm) were cut as described earlier, and treated appro-
priately. All tests were performed on the tissue soaked
in normal saline and at a room temperature of 20°C.
The tissue was mounted on a holder using minimum
handling. The length of tissue to be tested was main-
tained at 10 mm using a gauge in the middle of the
holder and set at zero strain. The effective specimen
size studied was 5×10 mm, giving an aspect ratio of
2:1. Korossis, in 2002, showed that this provides good
reproducibility of results (14). The tissue holder was
placed in the Shimadzu Autograph™ tensile testing
machine, which was set to produce a specimen pre-
loading of 0.02 N before beginning to acquire data. The
specimen was extended to failure at the rate of 10
mm/min. The machine was stopped on occurrence of
failure, as determined by the first significant decrease
in load detectable during extension.

In order to minimize the effect of ongoing cross-link-
ing by GA, specimens were loaded immediately after
completion of 24-h treatment with GA.

Statistical analysis
During testing, the load (N) imposed on the speci-

men, together with the specimen extension and time,
were recorded for further analysis. The data were
stored as dat files, and further processed using
Application Software for Universal Testing Machines
(Messphysik Laborgeräteges m.b.H.); the stress-strain
curves were drawn from these data. The force and
extension data acquired during tests were converted to
stress (Y-axis, MPa) and strain (X-axis, %) respectively.

The stress-strain curves for each specimen thus
obtained from the program were analyzed as shown in
Figure 3, and used to obtain the following biomechan-
ical parameters:

1. Elastic phase slope (El-E)
2. Collagen phase slope (Coll-E)
3. Transition stress (σtrans)
4. Transition strain (εtrans)
5. Ultimate tensile strength (σuts)
6. Failure strain (εuts)

The analysis parameters from each group were aver-
aged over the number of specimens in the group, and
the results expressed as mean and 95% confidence
interval (95% CI).

For each set of data from uniaxial testing, the mean,
SD and 95% confidence limits were calculated.
Statistical analysis of the data was carried out using
Microsoft Excel™. The results between test groups
were further analyzed by a one-way analysis of vari-
ance (ANOVA). The p-values from the ANOVA tables
were used to determine the statistical significance of
the difference between test groups at the 0.05 cut-off
level (95% confidence level). A p-value <0.05 was con-
sidered to be statistically significant.

A different statistical method was used in Part II of
the study as the comparison involved three groups.
Data were analyzed by a one-way ANOVA using
Microsoft Excel™, followed by calculation of the mini-
mum significance difference (MSD, p <0.05) to deter-
mine individual differences among the three groups by
the T-method (21). Error bars were plotted for each
group mean using MSD. Mean values for which error
bars did not overlap were significantly different (p
<0.05).
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Figure 3: A typical stress-strain curve of pericardium
subjected to uniaxial loading to failure showing failure test

analysis parameters.
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Results

Histological analysis
Histological analysis (H&E, Alcian blue and elastin

Van Gieson staining) of the decellularized bovine peri-
cardium did not reveal any remaining cells or cell frag-
ments (Fig. 4A-F). When analyzing with these three
staining methods, the histoarchitecture of the collagen-
elastin matrix appeared to be well preserved. DNA
staining using Hoechst dye did not reveal any evi-
dence of positive DNA staining in the decellularized
specimens (Fig. 4G,H).

Contact cytotoxicity studies
Microscopic examination of the contact cytotoxicity

plates showed that the porcine SMC and HDF attached
and grew well in contact with untreated, decellular-
ized pericardium. There were no zones of lysis nor
changes in cell morphology next to the decellularized
pericardium (Fig. 5). The collagen also had no effect on
the cells, but the pericardia treated with GA (0.5% and
0.05%) and the positive controls (cyanoacrylate glue)
were clearly cytotoxic to SMC and HDF, as was the
fresh, untreated pericardium.

Biomechanical analysis
Part I

Comparison of fresh and decellularized pericardia
showed (Table I) that there was no significant differ-
ence in the average thickness of pericardium between
the two groups, nor in elastic phase slope, average col-
lagen phase slope, average transition stress, average
transition strain, ultimate tensile strength and average
failure strain between the two groups.

Comparison of fresh and decellularized pericardium
each treated with 0.5% GA showed there to be no sig-
nificant difference in the average thickness of peri-
cardium in both groups. Neither was there any
significant difference in elastic phase slope, average
collagen phase slope, average transition stress, average
transition strain, ultimate tensile strength and average
failure strain in both groups.
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Figure 4: Histological analysis of fresh (upper row) and decellularized (lower row) pericardium (original magnification ×200;
scale bar = 50 µm). A,B) Hematoxylin and eosin staining. C,D) Alcian blue staining. E,F) Elastin Van Gieson staining. G,H)

Hoechst DNA staining.

Figure 5: Contact cytotoxicity of pericardial tissues. A)
Confluent porcine smooth muscle cells (SMC) in contact
with decellularized pericardium. B) Zone of inhibition of

porcine SMC in the vicinity of decellularized pericardium
treated with 0.5% GA. C) Zone of inhibition of porcine

SMC in the vicinity of decellularized pericardium treated
with 0.05% GA. D) Zone of inhibition of porcine SMC in

the vicinity of fresh untreated pericardium. Unstained
specimen; original magnification ×40; scale bar = 250 µm.
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Comparison of fresh and decellularized pericardi-
um, each treated with 0.05% GA showed that the elas-
tic phase slope in the fresh group was significantly
higher than that in the decellularized group. However,
there was no significant difference in any of the other
parameters in the two groups.

Part II
Comparison of variously treated fresh pericardia

(Table II) showed that there was no significant differ-
ence in average elastic phase slope, collagen phase
slope, average transition stress, average transition
strain, ultimate tensile strength and average failure
strain between the three groups.

The average thickness in the fresh, 0.5% GA-treated
group was significantly higher than in the fresh,
untreated group. The average thickness of the fresh
0.05% GA-treated group was also significantly higher
than that of the fresh, untreated group.

Comparison of variously treated decellularized peri-
cardia (Table II) revealed that the elastic phase slope in
the decellularized, 0.5% GA-treated group was signifi-
cantly higher than that in the decellularized, untreated
group. The elastic phase slope in the decellularized,
0.05% GA-treated group was also significantly higher
than that in the decellularized, untreated group. Based
on elastic phase slope, GA-treated decellularized peri-
cardia were stiffer than untreated decellularized peri-
cardium.

The average failure strain in the decellularized, 0.5%
GA-treated group was significantly higher than that in
the decellularized, untreated group. However, there
was no significant difference in average failure strain
between the decellularized, untreated group and
decellularized, 0.05% GA-treated group and between
decellularized, 0.5% and 0.05% GA-treated groups.

The average thickness of the decellularized, 0.5%
and 0.05% GA-treated groups was significantly higher
than in the decellularized untreated group. There was
no significant difference in average collagen phase
slope, average transition stress, average transition
strain and ultimate tensile strength between the three
groups.

Discussion

The aims of the present study were to validate a pro-
tocol for the decellularization of bovine pericardium,
and to study the biomechanical properties of fresh and
decellularized bovine pericardia and pericardia treat-
ed with different concentrations of GA. Ideally, the
decellularization process should leave no cells or cell
fragments in the matrix scaffold, as evidence exists
that these components (viable or dead cells) are associ-
ated with inflammation and calcification which, ulti-

mately, may lead to calcific tissue degeneration and
limited tissue valve longevity (22). It was also vital that
the cell extraction process preserved the extracellular
matrix.

Histological analysis (using H&E, Alcian blue and
elastin Van Gieson staining) of the decellularized
bovine pericardium did not show the presence of any
remaining cells or cell fragments. The histoarchitecture
of the collagen-elastin matrix appeared to be well pre-
served. Analysis with Hoechst dye did not show any
evidence of positive DNA staining in the decellular-
ized specimens. The decellularization protocol
described by Booth et al. (18) for porcine aortic valve
leaflets was thus validated for bovine pericardium.

Previously, Courtman et al. (11) showed that using
SDS as the decellularization agent with bovine peri-
cardium caused extensive swelling and decreased the
thermal stability of collagen. These authors also found
that there was no effective post treatment to remove
the residual SDS, and subsequently described a four-
step detergent and enzymatic process using Triton X-
100 instead of SDS. However, it must be noted that
Courtman et al. used 1% (w/v) SDS, while in the pres-
ent study a 0.1% (w/v) solution of SDS was used, and
this may explain the different outcomes of decellular-
ization in the two studies. The protocol of Courtman et
al. was more recently validated by Chang et al. (12) for
bovine pericardium.

Contact cytotoxicity tests were performed to assess
the cytotoxic properties of the decellularized pericardi-
um, including any residual effects of SDS and of a
reduced concentration of GA. Previously, it has been
reported that SDS was toxic and led to cell lysis within
24 h. Rieder et al. (23) used 0.1% SDS for decellulariza-
tion of porcine aortic and pulmonary roots, and
demonstrated a massive cell lysis of human saphenous
vein endothelial cells within 24 h of incubation with
the treated tissue. However Wilcox et al. (20) showed
that porcine aortic wall decellularized with 0.1% SDS
did not cause any substantial cytotoxicity, as evi-
denced by contact and extract cytotoxicity assays per-
formed with porcine fibroblasts and SMC. In the
present study, the porcine SMC and HDF attached and
grew well in contact with untreated, decellularized
pericardium, and there were no zones of lysis nor
changes in cell morphology adjacent to the decellular-
ized pericardium. These results compared well with
those described by Wilcox et al. (20). A direct compari-
son of the present study findings with those of Rieder
et al. (23) cannot be made due to differences in
methodologies (e.g., washing procedures) and the cells
used. It is also unclear in the report by Rieder et al.
whether protease inhibitors (e.g., aprotinin and EDTA,
as used in the present study) were utilized and, if not,
whether this might account for the different results.
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The pericardia treated with GA (0.5% and 0.05%) and
the positive controls (cyanoacrylate glue) were clearly
cytotoxic to SMC and fibroblasts. The fresh, untreated
pericardium, which was not treated with peracetic
acid, was also cytotoxic to SMC and fibroblasts.
Toxicity of the fresh tissue may be explained by deep-
freezing (at -40°C) and thawing of the pericardial sam-
ples, which led to the release of metabolites by viable
cells into the culture medium, or the release of
degradative products (e.g., lysosomal enzymes) from
non-viable cells. Reducing the concentration of GA to
0.05% did not have any beneficial effect on the cyto-
toxic properties of pericardium treated with GA.

The cytotoxicity of GA-treated tissue has been previ-
ously recorded. Glutaraldehyde is a five-carbon
bifunctional aldehyde, and not only the linear
monomer of GA but also the dehydrated forms of
monomeric GA, monomeric and polymeric hemiac-
etals and aldol condensation products such as poly-
meric aldehydes, have been shown to leach slowly
from the GA-treated tissue, leading to cytotoxicity (24).

All decellularized tissues (untreated, and those treat-
ed with 0.5% or 0.05% GA) were treated with peracetic
acid, which is known to be an effective sterilant for
skin allografts (25,26) and acellular xenogeneic tissues
(27). The adequacy of peracetic acid treatment to ster-
ilize decellularized bovine pericardium would require
extensive microbiological evaluation prior to clinical
use, although it is important to recognize that peracetic
acid offers an alternative means of sterilizing acellular
xenogeneic tissues, which are not treated with a steril-
izing dose of GA.

Part I of the present study involved uniaxial testing
of comparable samples from fresh and decellularized
groups, and did not reveal any significant difference in
their biomechanical properties. This compared well
with the findings of Courtman et al. (11), who used 1%
SDS. These authors had used similar testing methods
but a different agent (Triton X-100) for the decellular-
ization of bovine pericardium. They also used 4 mm-
wide pericardial strips and employed preconditioning
of the pericardium immediately before testing.
Subsequently, the decellularized bovine pericardium
was found to be significantly thicker than fresh bovine
pericardium; this increase in thickness was considered
to be due to an increase in the water content of the
decellularized pericardium. In the present study, how-
ever, there was no difference in the thickness of fresh
and decellularized pericardia in comparable samples,
and this may be due to the different concentrations of
SDS used in each study.

In the present study there were no significant differ-
ences in the biomechanical properties of fresh and
decellularized pericardia when both were treated with
0.5% GA for 24 h. Fresh pericardium treated with

0.05% GA was stiffer than the decellularized pericardi-
um treated with 0.05% GA, based on a higher elastic
phase slope. None of the other mechanical properties
showed any significant differences between treatments
with 0.5% and 0.05% GA.

In Part II of the study, a comparison was made, first
among the three groups of fresh pericardia and then
among the three groups of decellularized pericardia.
This part of the study aimed to analyze the effects of
fixation with a lower GA concentration (0.05%) com-
pared to conventionally treated (0.5% GA) pericardia
and untreated pericardia.

Fresh pericardia treated with 0.5% or 0.05% GA were
both significantly thicker than untreated fresh peri-
cardium. Decellularized pericardia treated with 0.5%
and 0.05% GA were also significantly thicker than
untreated decellularized pericardium. Both the peri-
cardia (fresh and decellularized) treated with GA felt
stiffer during handling. It is possible that, during the
thickness measurements, the jaws of the thickness
gauge encountered more resistance (compared to those
not treated with GA), and that this led to higher read-
ings of thickness.

The elastic phase slope was significantly higher in
both GA-treated decellularized groups compared to
the untreated decellularized group.

There was no significant difference in the mechanical
properties of all three groups of fresh pericardia.
Cross-linking with two different concentrations of GA
did not significantly alter the biomechanical properties
of the fresh pericardium in comparable samples. There
was a trend, however, for fresh, cross-linked pericardi-
um to be stiffer (based on increased collagen slope)
and stronger than fresh, untreated fresh pericardium,
though this difference did not reach statistical signifi-
cance.

Similarly, there was a trend for decellularized, cross-
linked pericardium to be stiffer (based on increased
collagen slope) than decellularized, untreated peri-
cardium but, again, this difference was not significant
(p > 0.05). The decellularized pericardium treated with
0.5% GA was stronger than the untreated decellular-
ized pericardium, based on failure strain. The decellu-
larized pericardium treated with 0.05% GA tended to
be stronger than the untreated decellularized peri-
cardium (also based on failure strain), but the differ-
ence was not statistically significant.

Overall, there was a tendency for the cross-linked
pericardium to be stiffer and stronger than the untreat-
ed comparable samples. However, a ten-fold reduction
in the concentration of GA did not cause any signifi-
cant difference in the elasticity and the strength of the
pericardia, both fresh and decellularized.

Vincentelli et al. (28) reported the mechanical prop-
erties of human pericardium after brief treatment with
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GA, over contact periods of 5, 10, 30, and 60 min, and
6 months. These authors concluded that brief immer-
sion of human pericardial tissue in 0.625% GA reduced
the tissue’s stiffness and improved its durability for
use in cardiac surgery, but they did not investigate the
effects of GA treatment over a 24-h period.

The results of the present study have underlined the
advantages of different biomaterials that may have
potential for clinical use, but require further investiga-
tion. The three types of decellularized bovine pericar-
dia - untreated, and those treated with 0.5% and 0.05%
GA - may prove to be superior biomaterials compared
to the commercially available fresh bovine pericardi-
um treated with 0.5% GA, as they are devoid of any
cells or cell debris which might be responsible for cal-
cification. These biomaterials will, however, require
further - notably immunohistochemical - investiga-
tions in both small- and large-animal models in order
to determine the presence and/or identity of any resid-
ual cellular material.

In conclusion, the results of the present study have
shown that an acellular matrix, cross-linked with a
reduced concentration of GA, can be prepared from
bovine pericardium. Decellularized bovine pericardi-
um which is cross-linked with 0.05% GA has excellent
biomechanical properties, and the potential to be a
viable alternative for clinical use in heart valves and
pericardial patches. Moreover, the properties of this
material are comparable to those of both untreated and
0.5% GA-treated decellularized bovine pericardium.
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