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Abstract

The objective of this study was to evaluate the
morphology of decelluarized and/or cryopreserved porcine
pulmonary valves, to determine a solution capable of
completely remove the cells without damaging the
extracellular matrix. Porcine pulmonary valves were
incubated for 24 hs in sodium deoxicholate 1% or sodium
dodecyl sulfate 0.1 and 0.3%, with or without associated
cryopreservation. Evaluation was done with optical
microscopy (Hematoxilin-EosinAcetic Orcein and Gomori)
and with morphometric analysis. The effectiviness of the
solutions was variable, but the best results were obtained
with the sodium dodecyl sulfate solution 0.1%.

Descriptors: Tissue Engineering. Extracellular Matrix.
Biotechnology Morphology.

INTRODUCTION

Aortic and pulmonary homografts have been used as
valve replacement or repair of congenital heart disease for
more than 40 years, with satisfactory clinical results [1,2].

Cryopreservation is the method most often used for

Resumo

O objetivo desse estudo foi avaliar a morfologia de valvas
pulmonares porcinas criopreservadas e/ou descelularizadas
para determinar uma solucdo que remova as células, sem
promover danos a matriz extracelular Valvas pulmonares
porcinas foram incubadas por 24h em solucdes de deoxicolato
de soédio 1% e de dodecil sulfato de sédio 0,1% e 0,3%, com
ou sem criopreservacgdo adicionalA avalia¢do foi feita com
microscopia optica (hematoxilina eosina, orceina acética ou
Gomori) e por morfometria. A efetividade das solucdes foi
variavel, mas os melhores resultados foram obtidos com
enxertos frescos descelularizados com dodecil sulfato de
soédio 0,1%.

Descritores:Engenharia Tecidual. Matriz Extracelular.
Biotecnologia. Morfologia.

grafts for up to 5-10 years. Howeyspme recent studies
suggest that cryopreservation may be associated with
structural damage not previously recognized, with
significant changes in collagen and elastic fibers and loss
of glycosaminoglycans (GAGSs) of the ECM [3,4].

It was believed for long that the preservation of cell

processing and storage of these grafts, since it preserves viability was important, for it would result in grafts with

the extracellular matrix (ECM) relatively intact with
maintenance of cell viabilityallowing the storage of the

Graduation; Pharmaceutical Biochemistry
Masters,Technology in Mechatronics.
Free teaching; Heart Surgeon.

Ph.D., Biologist.

A WN P

Work done at the Pontificia Universidade Catélica of Parana/
Cardioprotese Ltda, Curitiba, Brazil.

490

some degree of regenerative capacity and, consequently
with greater durabilityHowever several studies have
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shown that after implantation, cryopreserved homografts
rapidly become acellulaand subject to progressive tissue
degeneration. In addition, there is evidence that high levels
of cell viability may even be detrimental, since they arouse
more intense immune response by the host, leading to
accelerated tissue obliteration [1,3].

More recentlythe method of decellularization has been
proposed as a promising alternative in the processing of
biological tissues [5]Among the various techniques
described are the use of enzymatic treatments [1,6-8], with
anionic or nonionic detergents and / or alcohol, either
alone or in combination, such as trypsin, Triton X-100,
Tween-20, CHAPS (3-[(3-cholamidopropyl)
dimethylammonium]-1-propanesulfonate), sodium
dodecyl sulfate (SDS), sodium deoxycholate (DOA),
glycerol and polyethyleneglycol [9-13].

In theory the complete removal of the cells results in an
acellular matrix and inert the immunological point of view
which can be resettled “in vitro” or in bioreactors “in vivo”
by the host, resulting in a graft alive with regenerative
capacity and growth [14,15]. The proper preservation of
the ECM during decellularization is critical since the future
restocking is dependent on the interaction with specific
matrix molecules that allow the adhesion, proliferation and
cellular differentiation [1,5,16,17].

This study aims to analyze the morphological changes
in the ECM from the process of decellularization with
different concentrations of SDS or DOA, either alone or in
combination with cryopreservation; aiming to determine
an optimized tissue processing method for the production
of decellularized valve homografts.

METHODS

We used 32 porcine pulmonary valve grafts, which were
divided into two groups of 16 grafts each, according to the
initial technique of tissue preservation. Group | consisted
of fresh grafts, while Group Il consisted of cryopreserved
grafts. Both groups were divided into four subgroups with
four grafts in each, according to the additional treatment of
decellularization. Subgroups IA and I1A were decellularized,

whereas subgroups I and 1I1B, | and IIC, and | and 11D were
decellularized with DOA 1%, SDS 0.1% and 0.3% SDS,
respectivelyThe division of the grafts in the subgroups is

shown inTable 1.

Porcine pulmonary valve grafts

We used porcine hearts of Landrace white males, aged
between 90 and 120 days. Soon after the slaydfmtdrearts
were immersed in 0.9% cold saline solution at 4°C, and then
transported to the laboratomhe total ischemic time between
the sacrifice and dissection, never exceeded 20 h and the
maximum temperature of the transport solution of the graft
did not exceed 10°C. The grafts were prepared by dissecting
the muscles of the right ventricle outlet proximgdisaving a
rim of muscle just 3 to 5 mm and using a distal transection of
the pulmonary artery 1-2 cm above the pulmonary valve
commissures. The adventitial layer and the periadventitial
fat tissue were carefully dissected to the fullest extent of the
arterial graft. Once the dissection and graft preparation was
completed, four grafts were immediately placed for
histological analysis - Group 1A (Control Group - Fresh
grafts).All the others were stored for a few hours in cold
saline solution and subsequently subjected to the process
of cryopreservation and / or decellularization.

Cryopreservation process

For cryopreservation, the grafts were immersed in 100
ml of culture medium RPMI 1640 (Roswell Park Memorial
Institute - a mixture of salt fortified with amino acids, vitamins
and other components essential for cell growth), 10% of
dimethyl sulfoxide (DMSQO) and 10% fetal bovine serum
(FBS). They were then packed in aluminum pouches sealed
and kept at temperature 2-8°C for 30 minutes. The freezing
was done with a tissue cooling speed programmed at -1 to
-2°C/min until the temperature of -80°C with equipment
Planer KRYO 10 Series, Model 10-1%he grafts were then
stored for 15 days in specific containers at a temperature of
liquid nitrogen vapor (-195°CThawing was done quickly
with saline solution at temperatures between 42-50 ° C,
followed by gradual dilution of the cryoprotectant solution
with RPMI 1640 and 10% FBS [18].

Table 1. Valve grafts according to the method of processing and decellularizing

Subgroup B

Subgroup C Subgroup D

SubgrouA
Group |
Fresh grafts (n=16) Not Decell. (n=4)
Group I

Cryo grafts (n=16) Not Decell. (n=4)

DOA 1% (n=4)

DOA 1% (n=4)

SDS 0.1% (n=4) SDS 0.3% (n=4)

SDS 0.1% (n=4) SDS 0.3% (n=4)

Cryo = Cryopreserved, DOA = Sodium Deoxycholate, SDS = Sodium Dodecyl SNatBecell. = Not

Decellularized
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Decellularization process

For decellularization, the grafts were placed in individual
containers containing 100 ml of decellularizing solution
(DOA 1%, SDS 0.1% or SDS0.3%), the process being carried
out under stirring at room temperature for a period of 24
hours, as Pl 0800603-&fter that, the grafts were washed
with a solution of sodium chloride 0.9% in agitation for a

period of 10 days to ensure complete removal of detergents.

Histological analysis

For histological analysis were obtained 1 cm2 segments
of the arterial wall of the channels that were removed from
the region just above the sinotubular junction, as well as
segments of the central cusp.

QualitativeAnalysis: the analysis of tissue morphology
was performed with hematoxylin-eosin (HE) and evaluated
the presence of cells, the integrity of the ECM and spacing
of collagen and elastic fibers.

QuantitativeAnalysis: we used Gomori trichrome
coloring for quantitative analysis of collagen and acetic
orcein for elastic fibers. The quantification of collagen and
elastic fibers was made with Image-Pro Plus (Media
Cybernetics), and captured images of the slides with specific
colors for each component matrix (10 images on a 40x
objective of each blade in order to capture all the extension
of the cusp and random pieces of conduit). Images were
photographed with the aid of an Olympus BX50 camera.

Satistical analysis

Morphometric results were analyzed using the Tukey-
Kramer multiple comparisons, differences were considered
significant withP values<0.05.

y

Fig. 1 - Left: qualitative analysis of the extracellular matrix of pulmonary conduits submitted to

RESUITS

Qualitative analysis

The conduits of the lung control subgroup (IA) had
full ECM, with typical pinkish color well preserved
collagen and elastic fibers and cell number and
morphology typical of this type of tissue. Conduits
decellularized with DOA 1% presented a more compact
EMC and more bluish color than the control group. This
color can be due to nuclear leakage, since the DNA can
fix to the glycoproteins present in the ECM. In addition,
there was the presence of several whole cells within this
matrix, demonstrating failure of this method to promote
complete decellularization. Since the conduits
decellularized with SDS 0.1% were completely acellular
with no nucleus remains fixed in the matrix, which was
visually complete and without compression of the fibers.
The conduits decellularized with SDS 0.3% had similar
findings, howeverone can see discrete spacing of
collagen fibers (Figure 1 - left).

The histological appearance of the cryopreserved grafts
did not differ much from the fresh grafts, but careful visual
observation revealed that the fibers were more distant from
each othergiving a looser ECM compared with the “fresh”
control. Howeverit was evident that cryopreservation, when
associated with the process of decellularization,
significantly worsened the damage in the ECM, especially
with the use of the DOA. The conduits cryopreserved and
subsequently decellularized with SDS 0.1% or SDS 0.3%
proved to be compressed in parts of the conduit and with
larger spaces between the fibers, suggesting increased
tissue damage (Figure 1 - right).

e R
P &
3

oF
2 50

20
BWRL

decellularization

Control. B - DOA 1%; C - SDS 0.1% and D - SDS 0.3%. Right: quantitative analysis of the extracellular matrix and pulmonary homograft
conduits subjected to decellularization process. A - Control Group cryopreserved. B - DOA 1%; C - SDS 0.1% and D - SDS 0.3%
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decellularization on extracellular matrix of porcine valves

The analysis of valve cusps showed that all treatments Quantitative analysis
were effective for complete removal of the cells. The cusps The results found in the morphometric analysis for
treated with SDS 0.1% and DOA 1% were with the ECM  collagen and elastic fibers are foundable 2.

looking relatively well preserved, howey&eatment with Elastic fibers: Comparing only the grafts in Group I, we
SDS 0.3% resulted in significant damage, with marked find that decellularization with SDS 0.1% and DOA 1% did
compression of the fibers (Figure 2 - left). not significantly reduce the amount of elastic fibers

Just as with the conduits, cryopreservation accentuated compared to the control group. Howevitre use of SDS
the damage observed in the ECM of the valve cusps, 0.3% resulted in significant differences in the same period
especially when treated with DOA 1% and SDS 0.3%. The (Figure 3).
cusps cryopreserved and treated with SDS 0.1%, however The grafts in group Il had a lower amount of elastic
still had relatively well preserved aspect and more similar fibers, both in conduct and in the cusps, showing that
to the control group (Figure 2 - right). cryopreservation, per se, interferes with the structural
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Fig. 2 - Left: qualitative analysis of the extracellular matrix of lung cusps subjected to decellularization process. A - Pre- decellularization
Control. B - DOA 1%; C - SDS 0.1% and D — SDS 0.3%. Right: quantitative analysis of the extracellular matrix of cryopreserved pulmonary
cusps and subjected to decellularization process. A - Control: cryopreserved and not subjected to the process of decellularization. B — DO

1%; C - SDS 0.1% and D - SDS 0.3%
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Fig. 3 - Left: morphometric analysis of layers of the duct in bobdlugs | and I, espectivelycolored with acetic arein for quantitative
obsewation of elastic fibers. Right: morphometric analysis of cusp bladewopgr and Il, espectivelycolored with acetic arein for
quantitative observation of elastic fibers. * = P <0.05
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integrity of the fibers. These changes were more significant
in the valves decellularized with SDS 0.3%.

Collagen: in the fresh decellularized conduits, the
treatments made with SDS 0.1% and DOA 1% do not
significantly alter the amount of collagen. The change of
the matrix occurs only with the treatment by SDS 0.3% in
the fresh ducts. In cryopreserved conduits, there is a
significant difference in any of the decellularizing
treatments, being the treatment with SDS 0.3% the most
important difference. Similar results were found for the
cusps (Figure 4).

What is observed in the analysis of fresh grafts is a
negligible difference between the control and decellularized
groups by treatment with SDS 0.1%, and significant
differences in the other two treatments, SDS 0.3% and DOA

1%. In the cryopreserved grafts, there is alteration in all
decellularizing treatments, including the cryopreserved cusps
without decellularization comparing to the control group.

DISCUSSION

Valve homografts are used for the replacement of native
heart valves since 1962 [2]. Since then, various methods of
preservation and storage were tested [19-21], hoyiheer
technique of cryopreservation; for maintaining the integrity
of the ECM, preserving cell viability and allowing storage
for long periods of time; has become the methodology more
often used by tissue banks.

Currently it is well established that grafts with cell
viability trigger immune reaction by the recipient[1,3,22],

Table 2.Values obtained by morphometry fymstatistical analysis

Elastic fiber
Conduits
Control SDS 0.1% SDS 0.3% DOA 1%
Fresh 2102 (+- 123) 2129 (+- 132) 1220 (+- 121) 2267 (+- 174)
Cryopreserved 1952 (+- 147) 1847 (+- 112) 1078 (+- 171) 2034 (+- 148)
Cusp
Control SDS 0.1% SDS 0.3% DOA1%
Fresh 1898 (+- 150) 1664 (+- 170) 1264 (+- 163) 1536 (+- 194)
Cryopreserved 1595 (+- 195) 1450 (+- 146) 1173 (+- 170) 1236 (+- 162)
Collagen
Conduits
Control SDS 0.1% SDS 0.3% DOA1%
Fresh 2968 (+- 444) 2706 (+- 443) 1936 (+- 437) 2563 (+- 408)
Cryopreserved 2731 (+- 302) 2443 (+- 344) 1756 (+- 375) 2163 (+- 323)
Cusp
Control SDS0,1% SDS 0,3% DOA1%
Fresh 3563 (+- 240) 3113 (+- 242) 2484 (+- 230) 3291 (+- 246)
Cryopreserved 2867 (+- 191) 2616 (+- 186) 1688 (+- 191) 2053 (+- 193)
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Fig. 4 - Left: morphometric analysis of layers of duct in both groups | and II, colored with Gomori for quantitative observation of
collagen. Right: morphometric analysis of cusp blades of both groups | and Il, colored with Gomori for quantitative observation of
collagen. * = P <0.05
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however the correlation between the intensity of this
reaction and longevity of the graft is still controversial.
Moreover it is postulated that dérences between the
techniques of sterilization, processing and storage induce
varying degrees of inflammatory reaction, which may
adversely affect the longevity of the grafts. The use of
acellular matrix, little antigenic and capable of being
repopulated after implantation, can, at least in theesylt

in graft function and durability [1,5,16].

Ideally, the decellularization technique should be able
to completely remove all cells and cell debris and at the
same time maintaining the integrity of the extracellular matrix.
Our research group at the Center for Cardiovascular Grafts
PUCPR tested several decellularizing solutions, and those
showing the best results, DOA 1%, SDS 0.1% and SDS
0.3%[8,1,16,17,23,24], were selected for this st@ly the

same methodology and showed adequate preservation of
the whole structure of the ECM after cryopreservation.
Despite the discrepancy of these results not being apparent,
differences in the methodology of cryopreservation and of
the tissue studied magt least partiallybe concerned.
Literature review suggests that our study is the first to
examine changes in collagen and elastic fibers by ECM
morphometry The results demonstrated that
decellularization with SDS 0.1% did not alter the amount of
elastic and collagen fibers of the cusps and pulmonary
conduit when compared to fresh tissue. Howetlee
decellularization with SDS 0.3% or DOA 1% was associated
with lower concentrations of these fibers, being these losses
significantly marked by the combination of
cryopreservation. The results obtained here are
unprecedented, since there is no reference to quantitative

other hand, the cryopreservation technique used here was analysis by morphometric analysis of ECM components in

similar to that used by the Banco Walvas Cardiacas
Humanas da Santa Casa de Curitiba [18].

Our results showed that the SDS at both concentrations,
was effective in complete elimination of cells of both the
cusps and the arterial wall of porcine pulmonary grafts.
Since DOA 1% was effective in the decellularization of
cusps, howeverinsuficient to the arterial wall of the
conduits. These data demonstrate the importance of
adequate concentration and exposure time of the
decellularizing solution according to the type of tissue being
treated. Thus, a solution that is effective for the
decellularization of the pulmonary arterial wall may be
insufficient for the decellularization of the aortic wall. On
the other hand, the use of more concentrated solutions
may be ideal for the wall of the conduit, but at the same
time, lead to significant changes in the ECM of the valve
cusps.

Histological examination showed that in addition to its
better ability to remove cells, SDS promoted less damage
to the ECM when compared with the DOA, especially at a
concentration of 0.1%. One can also observe that the
cryopreservation per se, led to changes in the ECM, and
the addition of cryopreservation with the decellularizing

solutions enhances the damage. This was most evident in

the more delicate tissue of the valve cusps, which were
greatly altered when subjected to cryopreservation and later
decellularized with DOA 1% or SDS 0.3%.

Controversy exists regarding tissue damage caused
during cryopreservation. Schenke-Layland et al. [3] studied
fresh and cryopreserved porcine conduits and

demonstrated that despite the changes observed by 1-

conventional histology are discrete; a more detailed
analysis carried out with infrared laser under confocal
microscopy can demonstrate ultrastructural deterioration
and disintegration of collagen structures. These findings
were not confirmed by Gerson et al. [25] who employed the

valves subjected to decellularization processes, and they
can serve as a reference for future investigations.

The evaluation of decellularized grafts as valve
replacements is quite complex, and it involves not only the
histological characterization, but its biomechanical
characterization, biocompatibilitymmunogenicity and
potential for cell repopulation. Howevet is postulated
that a full matrix with a complete absence of cells is essential
for obtaining grafts that may be properly repopulated by
specific cells, with no tendency to degeneration, showing
durability, with regenerative potential and growth. Given
the results obtained here, we may suggest that fresh and
decellularized grafts with SDS 0.1% solution are the ones
that best meet these theoretical premises.
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