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IN RECONSTRUCTIVE SURGERY AND BIOPROSTHESIS
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Objective: to study the composition and topology of the extracellular matrix (ECM) of bovine pericardium and
to identify the best tissue areas suitable for the fabrication of bioprosthetic heart valves (BHVs). Materials and
methods. The pericardium samples of healthy sexually mature bulls were studied; the native pericardium was divi-
ded into three experimental groups: core tissue (BP-CT group), heart base (BP-HB) and connective ligament base
(BP-CL). Scanning electron microscopy was used to examine the structure of the pericardial surfaces (p. serosum
and p. fibrosum), while differential histochemical analysis was used to study the topology of various pericardial
regions, with identification and quantification of the main constituents of the extracellular matrix (ECM) (colla-
gen, elastin, lipids, and glycosaminoglycans). Quantification was performed by bioimaging and digital analysis
of histological images using the ImageJ software. Results. The BP-CT group had the lowest cellular density and,
consequently, DNA content (369.75 + 23.12 ng/mg), in addition to having the most homogeneous, predominantly
collagenous (95.6 + 2.9%) matrix composition with minimal lipid (2.6 £ 1.5%), glycosaminoglycan (0.68 + 0.7%)
and elastin (3 £ 2.4%) content. The BP-CL group had the highest levels of elastin and glycosaminoglycans (27.8 &
3% and 17.5 £+ 0.6%, respectively), while the BP-HB group had the highest lipid content (21.2 +2.7%.). On the
p. serosum side, the ECM composition was noticeably homogeneous, while elastin fibers, glycosaminoglycans,
and lipid clusters were predominantly found on the p. fibrisum side, indicating the natural polarity of the material,
which should be considered when fabricating biomaterials. Conclusion. The findings in this study revealed that
bovine pericardial topology varied depending on the tissue area. Only the main pericardial tissue can be used to
create BHVs, as evidenced by the comparative homogeneity of ECM composition and relatively low cellular
density. The high content of elastin, glycosaminoglycans and lipids in specific pericardial tissue areas (the BP-HB
and BP-CL groups) suggests that either this layer needs to be removed more thoroughly during implant fabrication
(e.g., by selective purification techniques) or these pericardial tissue areas should be used where heterogeneity of
the composition is desired (e.g., in maxillofacial and orthopedic surgery).

Keywords: bovine xenopericardium, pericardial topology, extracellular matrix, bioprosthetic heart valves,
calcification.

INTRODUCTION gevity. Addressing this issue remains a critical priority
in reconstructive cardiovascular surgery [5-7].

At the same time, it is known that the composition
of the pericardial extracellular matrix (ECM) can influ-
ence the body’s general tissue and cellular response to
an implanted material [8, 9]. For example, it has been
shown that pericardial basal membrane proteins posi-
tively influence human aortic endothelial cell migrati-
on, adhesion, proliferation, inflammatory response, and
laminin production, which in turn contributes to one
cluding bioprosthetic heart valves (BHVs), venous and  of the most important indicators of BHV biointegrati-
arterial conduits, cardiovascular patches, and sutures  on — reendothelization. Moreover, emerging data suggest
[1, 3, 4]. However, a major challenge with BP-based  that the propensity of BHVs to calcification may also be
biomaterials is their susceptibility to calcification within  influenced by the composition of the pericardial ECM.
the recipient’s body, significantly limiting implant lon-  FElastin fibers, for instance, are well-known biomaterial

Xenogeneic serous membranes are increasingly used
as a base for developing a wide range of implantable
biomaterials [1]. Among them, bovine xenopericardium
(BP) — which undergoes fixation, decellularization, and
delipidization — is one of the most commonly used bio-
materials in modern cardiovascular surgery [2].

BP serves as the primary material for various bio-
prostheses and auxiliary cardiovascular implants, in-
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calcification sites [ 10, 11]. Elastin is a key structural pro-
tein that forms the framework of blood vessel walls (pri-
marily arteries), the dermis, and interalveolar septa of the
lungs. When damaged, it has been shown to accumulate
calcium salts, becoming a site for medial calcification
in several pathological conditions, including hyperphos-
phatemia (linked to kidney and endocrine disorders),
diabetes and atherosclerosis, pseudoxanthoma elasticum,
beta-thalassemia, monckeberg calcification, rheumatoid
arthritis, Singleton—Merten syndrome, secondary hyper-
parathyroidism, Kawasaki disease, vitamin K deficiency
(including warfarin-associated variant) and vitamin D
metabolic disorders [10, 12]. A number of studies have
also shown that degradation and fragmentation of elastin
fibers in heart and vascular valve grafts are major con-
tributors to aseptic calcification after implantation in the
recipient’s body [10-14].

Damaged (primarily sulfated) glycosaminoglycans
(GAGs) play a crucial role in biomaterial calcification
by acting as nucleation sites for calcium deposition in
biomaterials [12]. Furthermore, the destruction of pro-
teoglycans — which contain up to 95% GAGs and play
a crucial role in collagen fiber stabilization — leads to
the exposure of gap zones (H-zones) on collagen fibrils,
facilitating the deposition of calcium phosphates directly
within the ECM of biomaterials [15].

The significant role of these matrix components in
BHYV calcification is underscored by the ongoing de-
velopment of anticalcification treatments aimed at sta-
bilizing elastin and GAGs. Numerous studies have de-
monstrated that preserving GAGs and elastin effectively
reduces BHV calcification, highlighting their potential
as therapeutic targets [16—19].

In addition, cellular density is a key factor in donor
tissue selection for biomaterial manufacturing, as cell
membranes carry the primary antigens responsible for
implant rejection [20]. This is particularly critical for
BHVs, where, beyond immunological rejection, residual
lipids from cell membranes can trigger passive aseptic
calcification [21, 22].

Despite years of research into decellularization and
delipidization techniques, complete lipid removal re-
mains challenging. Achieving an optimal balance bet-
ween effective lipid extraction and preservation of the
biomaterial’s structural and mechanical integrity is cru-
cial [23].

Moreover, nuclear DNA, being one of the most resi-
lient biomolecules, poses additional challenges in com-
plete tissue clearance during decellularization. Residual
DNA not only remains difficult to degrade but also serves
as a phosphate source, further contributing to calcifica-
tion [24].
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Currently, there is an ongoing search for the optimal
pericardial sites best suited for biomaterial production
[2]. Studies have shown that BHV calcification patterns
depend significantly on the type of donor tissue used in
prosthesis fabrication [25]. In this context, it is essen-
tial to consider key donor tissue parameters — such as
elastin, GAG content, lipid composition, and cellular
density — when selecting pericardial tissue for BHV ma-
nufacturing. However, no such data currently exist for
BP, with most guidelines focusing primarily on physical
properties, such as biomechanical strength and elasticity,
which are influenced by anisotropy and fiber orientation.

Given the lack of scientific literature detailing the
histoarchitecture and biochemical composition of BP
using differential histochemistry methods, this study
conducted a comprehensive histochemical analysis of
native BP. The goal was to identify tissue regions with
the most homogeneous collagen composition, minimal
elastin, GAG, and lipid content, and the greatest potential
for use in BHV fabrication.

MATERIALS AND METHODS
Object of study

Pericardial samples were obtained from sexually ma-
ture, healthy bulls through the slaughterhouse of the Ka-
luga Niva APK meat processing plant (Torkotino village,
Kaluga Oblast). All collected tissue was immediately
placed in sterile 0.9% sodium chloride solution contai-
ning gentamicin (400 pg/mL) and fluconazole (50 pg/
mL) within 30 minutes post-slaughter and transported
to the laboratory in a thermocontainer maintained at
2-8 °C.

Upon arrival at the laboratory — no later than 4 hours
post-slaughter and extraction — the pericardium was
mechanically cleaned of adipose tissue and rinsed in
0.9% NacCl solution containing 5000 ED/100 mL hepa-
rin (Moscow Endocrine Plant, Russia) to remove blood
residues.

After cleansing and rinsing the pericardial fragments
free of heparin using sterile cold 0.9% sodium chlori-
de solution, the samples were divided into three study
groups based on tissue region (Fig. 1): the core tissue
(BP-CT group), the heart base (BP-HB group), and the
connective ligament base (BP-CL group).

Scanning electron microscopy

The surface structure of lyophilized BP fragments
(1 cm®) was then examined using scanning electron mi-
croscopy (SEM) (VEGA 111, Tescan, Czech Republic).
To ensure optimal surface preservation and prevent ma-
trix component degradation, a matrix-preserving lyophi-
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Fig. 1. Sampling areas of the studied fragments of the native
pericardium. BP-HB, vessel base zone; BP-CT, main part of
tissue; BP-CL, ligament base zone

lization process was employed. This included rapid deep
freezing of tissue fragments in a Kelvenator laboratory
freezer at —80 °C, reaching the conditional eutectic point
of =57 °C, and lyophilization for 24 hours in freeze-
drying flasks (FreeZone 2.5 Liter Benchtop Freeze Dry
System, Labconco, Canada) while keeping samples sus-
pended to prevent direct contact with flask surfaces.

After lyophilization, a conductive coating was applied
to the surface of the studied fragments by sputtering gold
particles using a vacuum atomizer Q150R ES (Quorum
Technologies, England). For all examined fragments, the
microrelief of both the serous (p. serosum) and fibrous
(p. fibrosum) surfaces was analyzed.

DNA quantification

To determine DNA content, 20 mg BP fragments were
selected (n > 5 per study group). Genomic DNA was
isolated using the DNA-EXTRAN-2 kit (Syntol, Rus-
sia) following the manufacturer’s instructions. The DNA
concentration in the extracted solutions was measured
using a NanoVue Plus spectrophotometer (Biochrom,
USA) at a wavelength of 260 nm.

Differential histologic analysis

To preserve the native structure of the BP extracellu-
lar matrix, cryotomy was employed to prepare histolo-
gic sections, preventing lipid washout, tissue shrinkage
from dehydration, and structural matrix alterations. For
this purpose: BP fragments were fixed in 10% buffered
neutral formalin at 22 + 2 °C for at least 24 hours, ex-
cess phosphates were removed by washing with running
water, samples were embedded in cryopreservation me-
dium (O.C.T. Compound Tissue Tek, Sakura, Japan).

Sections 9 pum thick were obtained using an MEV cryo-
tome (SLEE Medical GmbH, Germany).

Histological preparations were stained using a com-
bination of histological and differential histochemical
stains, including: hematoxylin-eosin, Sudan III (lipid
identification), Lilly trichrome (collagen detection), Ver-
hoeff—Van-Gieson (elastin identification), and periodic
acid-Schiff (PAS) & alcian blue (GAG detection) [26].

Micrographs and overview histotopograms of the
stained preparations were captured using a Nikon Ec-
lipse Ti-E microscopy station (Nikon, Tokyo, Japan).

Histomorphometric analysis

Inverted microscope system Nikon Eclipse Ti-E (Ni-
kon, Tokyo, Japan) was used in combination with the
splicing method to generate high-resolution histotopo-
grams of stained histological specimens. These images
were processed using NIS Elements AR4.13.05 software
(build 933, Nikon, Tokyo, Japan).

Histomorphometric analysis was conducted using
Imagel software (version 1.54h, NIH, Bethesda, MD,
USA). Each group included a minimum of four histo-
topograms, with each histotopogram representing an
average splice of 35 + 15 standard x4 magnified images.

Bioimaging of micrographs was performed by super-
imposing color masks onto the images and calculating
the area of the mask relative to the total sample slice
within the field of view (20002000 pm). The proportion
of collagen, elastin, lipids, and GAGs in each sample
was quantified as a percentage of the total evaluated
slice area.

Statistical analysis

The study results are expressed as mean + standard
deviation (M + SD). Each experiment was conducted
with at least four repetitions (n > 4), and 16 fields of
view per group (n = 16) were analyzed for microsco-
pic images. Statistical significance was assessed using
one-way analysis of variance (ANOVA), followed by
the Holm—Sidak multiple comparison test, with a sig-
nificance threshold of p < 0.05. Data processing was
performed using Python 3 (ver. 3.10.10) in the Spyder
development environment (v. 5.4.1), utilizing the Pan-
das (v. 1.5.2), NumPy (v. 1.24.2), SciPy (v. 1.5.2) and
SciPy (v. 1.10.0) libraries. Graphical representation of
results was done using Seaborn (v. 0.12.2) and Matplotlib
(v. 3.7.0).

RESULTS AND DISCUSSION

For all groups, the microrelief of the p. serosum and
p. fibrosum surfaces — critical structures of bioprosthetic
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tissue that absorb the hydraulic shock of systemic blood
flow — was thoroughly examined.

Thanks to the use of gentle lyophilization and cryo-
tomy methods, a delicate, syrup-like GAG layer was
observed on the surface of the collagen matrix in all study
groups (Fig. 2). Comparative analysis revealed that on
the p. serosum side, this layer was denser and smoother in
the BP-HB and BP-CL groups than in the BP-CT group.

The presence of an intact GAG layer, which envelops
collagen and elastin fibers susceptible to platelet aggre-
gation and calcification, is a crucial factor in enhancing
the durability and thromboresistance of BHVs.

No additional structural differences were observed
among the studied groups using SEM.

Histochemical analysis of BP-CT group samples re-
vealed that the primary pericardial matrix predominant-
ly comprised wave-like collagen fibers (Fig. 3, a). The
overall matrix architecture exhibited a porous structure
with numerous cavities, which play a vital physiological
role in maintaining biomechanical strength and turgor,

BP-CT

p. serosum

JESp U Sy
200 pm

p. fibrosum

| L | vEGA3 TESCAN VEGA3 TESCAN
200 pm 200 pm

BP-HB

allowing for physiological hypertrophy of cardiac tissue
during exercise.

Notably, the medial ECM region featured a collagen
matrix layer forming particularly large cavities, where
localized lipid inclusions were observed (Fig. 3, b). The
entire pericardial matrix was uniformly saturated with a
small amount of neutral glycosaminoglycans (GAGs).
However, acidic GAGs were detected exclusively within
the basal membrane structure on the p. serosum side of
the native pericardium (Fig. 3, c).

Differential elastin staining revealed a small number
of elastin fibrils penetrating the entire tissue thickness,
with the highest concentration observed on the p. fibro-
sum side (Fig. 3, d).

The ECM of BP-HB group samples exhibited a den-
ser and more compact arrangement of collagen fibers
compared to other groups (Fig. 3, a). Notably, extensive
fatty inclusions were identified primarily on the p. fibro-
sum side of the tissue (Fig. 3, b).

BP-CL
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o

Fig. 2. Surface structure of the p. serosum and p. fibrosum of bovine pericardium in different tissue areas: core tissue area (BP-
CT group), pericardial region at the heart base (BP-HB group) and at the connective ligament base (BP-CL group). Scanning
electron microscopy
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In addition, the fibrous side showed a higher elastin
content, with elastin forming dense strands interwoven
between collagen fibers. Furthermore, neutral GAGs
were observed in close association with these elastin
fibrils (Fig. 3, c, d).

The BP-CL group exhibited a significantly higher
content of non-collagenous ECM components. A large
number of elastin structures were detected, primarily
on the fibrous side, where they were co-localized with
neutral GAGs (Fig. 3, ¢, d). These samples contained
abundant lipids within the tissue itself, along with large
lipid deposits observed on the surface of the p. fibrosum
(Fig. 3, b).

Histomorphometric analysis revealed that the BP-CT
zone had the most homogeneous and predominantly col-
lagenous composition, with a collagen content of 95.6 £
2.9% (Fig. 4).

BP-CT

BP-HB

BP-CL

The highest elastin and GAG content was observed
in the BP-CL group, at 27.8 +£3% and 17.5 + 0.6%, res-
pectively, while the BP-HB group exhibited the highest
lipid content, reaching 21.2 + 2.7%.

The lowest cellular density was found in the BP-CT
group (Fig. 5, a). DNA quantification further confirmed
this, with BP-CT tissue containing 369.75 + 23.12 ng/
mg DNA, which was 1.5 times lower than in the BP-
HB group and 2.5 times lower than in the BP-CL group
(Fig. 5, b).

Based on these findings, the main pericardial tissue
(BP-CT group) is the most suitable for decellularization
techniques, as it has the lowest cell and DNA content,
allowing for effective immunogenicity suppression while
preserving the ECM structure. In addition, the BP-CT
group exhibits the most homogeneous ECM compositi-
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Fig. 3. Structure and composition of bovine pericardium matrix in different tissue areas: core tissue area (BP-CT group),
heart base area (BP-HB) and connective ligament base (BP-CL). Light microscopy: a, Lillie’s trichrome (collagen — green,
non-collagen components — red-brown); b, Sudan III (lipids — yellow-orange); ¢, Periodic Acid Schiff-Alcian Blue (acidic
GAGs —blue, neutral GAGs — pink); d, Verhoeff—Van Gieson (elastin — black, background — pink). Due to low cellular density
and the lowest elastin content in the ECM structure of preparations in the BP-CT group, enlarged fragments are presented for
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on, predominantly collagenous, with low lipid, elastin, Therefore, the main pericardial tissue (the BP-CT
and GAG content. This is crucial, as damage to these region) is the preferred and safest biomaterial source
components during preimplantation processing can trig-  for manufacturing BHVs and other auxiliary cardiovas-

ger calcification and inflammatory responses. cular materials, ensuring resistance to calcification and
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Fig. 4. Results of bioimaging and quantification of histological images of bovine xenopericardium in different topographic
areas: core tissue area (BP-CT group), pericardial area at the heart base (BP-HB), connective ligament base area (BP-CL): a,
diagrams demonstrating tissue composition; the total percentage of quantified ECM components exceeds 100% owing to the
overlap in the color mask areas of co-localized components; b, graphs demonstrating the ratio of components, n =16, p <0.01
(Holm-Sidak test)
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Fig. 5. Cellular composition of bovine pericardium in different tissue areas: core tissue area (BP-CT group), pericardial area
at the heart base (BP-HB), connective ligament base area (BP-CL): a, histological images, light microscopy, H&E stain (cell
nuclei — purple, matrix components — pink); b, graph showing quantitative DNA content, n > 5, p < 0.01 (Holm—Sidak test)

degeneration. Meanwhile, the heart base (BP-HB) and
connective ligament base (BP-CL), due to their hetero-
geneity and mineralization potential, are better suited for
manufacture of resorbable implants.

CONCLUSION

The study results highlight the heterogeneous to-
pology of BP across different tissue regions. The high
elastin, GAG, and lipid content in certain regions of the
pericardium (BP-HB and BP-CL groups) emphasizes
the importance of careful tissue selection for bioma-
terial fabrication, especially for BHVs, which require
immunogenic neutrality, calcification resistance, throm-
boresistance, biostability, biomechanical strength, and
re-endothelialization potential.

Given its high ECM homogeneity, stable microar-
chitecture, minimal immunogenic and proinflammatory
components (cells, lipid fractions, and debris), and well-
preserved basal lamina (p. serosum) — which enhances
thromboresistance and re-endothelialization — the xen-
opericardial core tissue (BP-CT) region is the preferred
choice for fabricating BHVs and all other biomaterials in
contact with blood and high pressure of systemic blood
flow.

Meanwhile, elastin-rich pericardial regions can be
repurposed for other reconstructive applications, such
as traumatology, orthopedics, and maxillofacial surgery,
where their thin, strong, and elastic properties make them
ideal for barrier membranes. Additionally, their calci-

fication potential could be leveraged for osteogenesis
induction in peri-implant beds.
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