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Abstract

Objective: The aim of this study was to optimize a decellularization protocol in the trachea of Sus scrofa domestica
(pig) as well as to study the effects of long-term cryopreservation on the extracellular matrix of decellularized tracheas.
Methods: Porcine tracheas were decellularized using Triton X-100, SDC, and SDS alone or in combination. The effect
of these detergents on the extracellular matrix characteristics of decellularized porcine tracheas was evaluated at the
histological, biomechanical, and biocompatibility level. Morphometric approaches were used to estimate the effect of
detergents on the collagen and elastic fibers content as well as on the removal of chondrocytes from decellularized
organs. Moreover, the long-term structural, ultrastructural, and biomechanical effect of cryopreservation of decellularized
tracheas were also estimated.

Results: Two percent SDS was the most effective detergent tested concerning cell removal and preservation of
the histological and biomechanical properties of the tracheal wall. However, long-term cryopreservation had no an
appreciable effect on the structure, ultrastructure, and biomechanics of decellularized tracheal rings.

Conclusion: The results presented here reinforce the use of SDS as a valuable decellularizing agent for porcine
tracheas. Furthermore, a cryogenic preservation protocol is described, which has minimal impact on the histological and
biomechanical properties of decellularized porcine tracheas.
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Introduction

Different causes that affect the trachea, including malig-
nant neoplasms, benign stenosis secondary to accidental
trauma, or to congenital, inflammatory, or iatrogenic ori-
gin, lead to the resection of a circumferential segment of
the trachea.! In these cases, end-to-end surgical anastomo-
sis of the trachea is the gold standard. However, despite
clinical successes, replacement of more than half of the
trachea remains an unsolved challenge.?

In recent years, different alternative strategies have been
followed in order to find a reliable tracheal substitute. A
widely studied alternative includes the use of autologous tis-
sues or organs, including skeletal muscle, esophagus, free
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periosteum, jejunum, bronchus, or aorta.! Unfortunately,
limited success of these substitutes has been reported due to
different causes, including biomechanics (mainly due to the
absence of supporting cartilage and fibroelastic connective
tissue), and a poor epithelialization which leads to impaired
mucus clearance.! Tracheal allografts have also been con-
sidered by different researchers. Theoretically, they should
be an ideal substitute because they contain a native respira-
tory epithelium and cartilaginous rings. However, important
aspects related to revascularization, immunosuppression
(which is not indicated for cancer patient), or preservation
should also be considered.!

Decellularized tracheas represent another strategy for
developing substitutes for tracheal replacement. Ideally,
these scaffolds should be biomechanically compatible
with the native trachea, as well as implantable in a feasible
manner.®

Regarding the trachea, the strategies used for decellu-
larization are heterogeneous and there is no a standard pro-
tocol. Virtually all protocols that remove cells from the
different tissues conforming the tracheal architecture
include the use of a non-ionic detergent. Among them, 4%
sodium deoxycholate (SDC) in combination with DNase is
the most commonly used.*? Some authors have reported
acceptable degrees of decellularization using other deter-
gents such as sodium dodecyl sulfate (SDS), Triton X-100
or 3-((3-cholamidopropyl) dimethylammonio)-1-propane-
sulfonate (CHAPS) alone or in combination.3-2° However,
in many cases the authors have directly extrapolated the
decellularization protocols reported in the literature, with-
out considering important aspects such as differences in
the composition of the extracellular matrix that exist
between species.

Afast availability of decellularized tracheas is critical if
we want to use them for clinical purposes. With this idea,
different researchers have developed various strategies in
order to minimize the decellularization time by including
the use of enzymes that degrade the extracellular matrix
such as trypsin, freezing and thawing, lyophilization, soni-
cation, vacuum, or specific bioreactors in combination
with detergents.3161820-22 Angther strategy developed to
ensure the availability of decellularized tracheas when
necessary is the cryogenic preservation of the tracheas
once decellularized. Cryopreservation would not only
allow a stock of organs ready for transplantation, but it
also has other additional advantages. Long-term cryo-
preservation of tracheal grafts reduces antigenicity while
preserving the biomechanical properties of the trachea in
different animal models, including rats or pigs.}?324
However, little is known about the morphology of decel-
lularized cryopreserved tracheas, and, therefore, more
detailed studies of the effects of cryopreservation on tra-
cheas histology are needed.

The first objective of this study is to optimize a decel-
lularization protocol in the trachea of Sus scrofa domestica

(pig). For this purpose, a preliminary study was carried out
using detergents commonly used in the literature, includ-
ing Triton X-100, SDS, and SDC. Then, a more detailed
study was performed using an SDS concentration between
0.5% and 4%. Changes at the histological, biomechanical,
and biocompatibility levels were evaluated in vitro. Our
second objective is to study the effects of long-term cryo-
preservation on the extracellular matrix of decellularized
tracheas, by histological and biomechanical methods.

We observed that, among the different detergents and
concentrations tested, 2% SDS was the most efficient in
removing chondrocytes while preserving histological
organization of the tracheal structure. Long-term cryo-
preservation of decellularized trachea did not affect the
biomechanical and histological properties of this organ.
The results presented here reinforce the usefulness of SDS
to obtain acellular tracheas, in addition to suggesting that
cryopreservation is a suitable technology to preserve
ready-to-implant decellularized tracheas.

Materials and methods

Study design

Porcine tracheas were dissected from the surrounding tis-
sues and cut into 1.5¢m long rings. The tracheal rings were
incubated in a mixture of phosphate buffered saline (PBS)
and 5% antibiotics and antifungics, with different deter-
gents, under continuous shaking for up to 4 weeks at room
temperature (RT). For experiment (i), the following exper-
imental groups were included (Table 1): (A) control group
(notexposedto detergents), (B) 0.2% Triton X-100 + 0.25%
SDS, (C) 2% Triton X-100 + 0.25% SDS, (D) 4% SDC,
and (E) 2% SDS. Once a week, decellularization was eval-
uated by DAPI staining. After 4weeks of treatment, the
histological effects of the detergents were evaluated by
optical microscopy, by using sections stained with hema-
toxylin eosin (HE), Masson’s trichrome, Schiff’s periodic
acid (PAS), and orcein. DNA content was measured by
spectroscopy. Six different tracheas were included in this
study. All results were analyzed by comparing the decel-
lularized rings with a control ring from the same animal.
All stains were done at the same time to minimize the
staining effect.

Next, a more detailed study was carried out to analyze
the effect of SDS on the extracellular matrix of tracheas,
since tracheas treated with SDS (E group) presented the
best results. For experiment (ii), the tracheas were pro-
cessed as indicated above, and the following experimental
groups were included (Table 1): (A) control (not exposed
to SDS), or exposed to different SDS concentrations: (F)
0.5% SDS, (G) 1% SDS, (E) 2% SDS, and (H) 4% SDS.
The tracheas were incubated in PBS in the presence or
absence of detergents for 4weeks at RT with continuous
shaking, as above. These samples were studied as in
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Table I. Concentration (%) of the different detergents used
in the experimental groups.

Triton X-100 (%)  SDS (%)  SDC (%)

Experiment (i)
Group A — — —
Group B 0.2 0.25 —
Group C
Group D — — 4
Group E — 2 —

Experiment (ii)
Group A —
Group F —
Group G —
Group E —
Group H —

(%]
|

|

experiment (i) (decellularization and optical microscopy),
and also the ultrastructural organization of extracellular
matrix was evaluated by scanning electron microcopy
(SEM) in 2% SDS decellularized tracheas, as well as a
morphometric study were carried out to analyze the effec-
tiveness of chondrocyte removal and loss of fibers from
the extracellular matrix. Six different tracheas were
included in this study, and all results were analyzed by
comparing the decellularized rings with a control ring
from the same animal.

Since the samples treated with 2% SDS (E group) pre-
sented the best results once again, this group was further
investigated through biomechanical and biocompatibility
studies. The biomechanical properties of decellularized
tracheas were evaluated in comparison with controls. The
biocompatibility of the decellularized tracheas rings was
tested in vitro by injecting human chondrocytes into the
tracheal cartilage, and seeding human bronchial epithelial
cells on the inner surface of the tracheal rings. Six different
tracheas were included in this study. All comparisons were
carried out by comparing a control ring with decellularized
rings from the same animal, as expressed above.

To study the effects of cryopreservation on the compo-
sition of the extracellular matrix, tracheas decellularized
with 2% SDS (group E) were frozen in liquid nitrogen and
stored for up to 1 month. The biomechanical properties of
frozen tracheal rings were compared to fresh rings from
the same animal. The histological effects of cryopreserva-
tion were studied by optical microscopy and SEM as
described above.

Trachea decellularization procedure

Whole tracheas from Duroc pigs were kindly supplied by
the slaughterhouse of Valencia (Mercavalencia, Valencia,
Spain). Pigs weighing between 85 and 110 kg were slaugh-
tered and tracheas were transported on ice to the laboratory
facilities. The larynx, bronchi, and surrounding connective

tissue were removed, and the tracheas were washed three
times with PBS supplemented with antibiotics. The tra-
cheas were sectioned into 1.5cm long rings and an osmotic
shock was performed by incubating them in sterile dis-
tilled water for 2h at RT. Between 6 and 8 rings were
obtained from each trachea, depending of their length. As
exposed above, the comparison between different treat-
ments was made using rings from the same trachea to
avoid interferences. After the osmotic shock, the tracheal
rings were immersed in PBS containing penicillin/strepto-
mycin and detergent, and incubated for up to 4 weeks at RT
under continuous shaking at 300rpm using a PSU-10
orbital shaker (Biosan, Riga, Latvia). An osmotic shock
was performed every 48h followed by three washes with
sterile PBS, and then tracheal rings were immersed in fresh
PBS with/without detergents. At the end of the process, an
additional osmotic shock was performed and tracheal rings
were immediately processed or cryopreserved for future
determinations.

4',6-Diamidino-2-phenylindole (DAPI) nuclear
staining

The decellularization process was evaluated weekly by
DAPI staining. Small portions of tissue were obtained and
embedded in Optimal Cutting Temperature (OCT) medium
and the frozen samples were sectioned on a Leica CM1520
cryostat (Leica, Madrid, Spain). Slices of 8um were
obtained and, after three washes with milliQ water at RT to
remove the OCT, they were stained with a DAPI solution
(ThermoFisher Scientific, Madrid, Spain) following man-
ufacturer’s instructions. Preparations were visualized
using a Leica DM 4000B inverted fluorescence micro-
scope (Leica, Madrid, Spain).

Histological and morphometric analysis

After the decellularization process, the tracheal rings
reserved for histology were transversely divided in two
halves. One of them was embedded in paraffin and
stained for H-E, Masson’s trichrome, or orcein. The other
half was embedded in OCT and stained with PAS.
Standard staining protocols were used. The composition
of the extracellular matrix was evaluated in the stained
samples using the Image Pro Plus 7.0 software (Media
Cybernetics, Rockville, MD, USA). The samples were
photographed at 40X magnification using a Leica DMD
108 microscope (Leica, Madrid, Spain). Five representa-
tive microphotographs of each of the tracheal layers were
obtained, including mucosa, submucosa, cartilaginous
layer, and adventitia. The relative content of collagen and
elastic fibers was evaluated according to the percentage
of areas stained with Masson’s trichrome and with orcein,
respectively, taking the mean value of the five sections of
each sample, and then the mean value of the six samples
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per experimental group, compared to the control one. The
content of GAGs was studied in the same way in slices
stained with PAS. For the study of cartilage decellulariza-
tion, 10 different photographs were taken at 40X magni-
fication of each trachea included in this study, using
sections stained with Masson’s trichrome. Chondral lacu-
nae were classified according to three categories: non-
decellularized (chondrocyte with intact cytoplasm and
nucleus), partially decellularized (cellular debris inside
the lacuna), and completely decellularized (empty
lacuna). The percentages were calculated for each of the
photographs analyzed.

DNA analysis

Total DNA was isolated from tracheas using the DNA
QIlAamp Mini kit (Qiagen, Hilden, Germany) according to
manufacturer’s instructions. A fragment of 0.125cm?® was
used from each trachea included in this study. DNA con-
tent was estimated by spectroscopy at 260nm using a
NanoDrop spectrophotometer (NanoDrop Technologies,
Rockland, USA) and expressed as ng/mg of wet tissue.

Scanning electron microscopy (SEM)

Ultrastructural analysis of the scaffolds, with or without
seeded cells, was performed using a JSM-5410 scanning
electron microscope (Jeol USA Inc., Peabody, MA, USA)
as previously reported.?> All samples were coated with a
conductive layer of sputtered gold. An accelerating volt-
age of 20kV was used to obtain micrographs.

Isolation and expansion of human chondrocytes

Human primary chondrocytes were isolated from knee
articular cartilage from donor patients who underwent
total knee arthroplasty using standard protocols. All
individuals provided their informed consent. The study
was conducted in accordance with the Helsinki
Declaration and applicable local regulatory require-
ments and laws. All procedures were approved by the
Ethic Committee of the Hospital Clinico Universitario
de Valencia (Spain). Chondrocytes were isolated using
hyaluronidase, pronase, and collagenase as previously
reported.?>? The resulting chondrocytes were cultured
in chondrocyte proliferation culture medium (DMEM
basal medium supplemented with 10% fetal bovine
serum (FBS), 100 mg/ml ascorbic acid, 100 U penicillin,
and 100 mg/ml streptomycin).

Culture of normal human bronchial epithelial
(NHBE) cells

NHBE cells were purchased from Lonza (Basel,
Switzerland) and cultured in Bronchial Epithelial Cell

Growth Basal Medium (BEBM, Lonza, Basel, Switzerland)
following manufacturer’s instruction. Both chondrocytes
and NHBE cell were cultured in a humidified atmosphere
at 37°C and 5% CO,,.

In vitro biocompatibility of scaffolds

The biocompatibility of the decellularized group E scaf-
folds with living cells was studied considering both cell
types: chondrocytes and bronchial epithelial cells. Isolated
human articular chondrocytes (6 < 10° cells in 1ml of
chondrocyte culture medium) were injected into the wall
of the decellularized tracheal rings using an insulin syringe,
and chondrocyte-injected tracheal rings were cultured with
chondrocyte culture medium for 1week. Some tracheal
rings were cut into 0.25cm? fragments and normal human
bronchial epithelial cells (3 X 10° cells in 1 ml NHBE cell
culture medium) were seeded on the mucosal surface of
decellularized tracheal fragments. Those NBHE cell-
seeded tracheal fragments were completely covered with
the BEBM culture medium and cultured for 1week. DAPI
staining was used to determine the nesting of both cell

types.

Cryopreservation

Whole tracheal rings were immersed in a cryogenic solu-
tion containing 20% DMSO in SBF, and frozen at a cool-
ing rate of 1°C/min, using a freezing container (Nalgene®
Mr. Frosty, Sigma-Aldrich, Madrid, Spain) with isopro-
panol, in a freezer at —80°C for 24h. The samples were
then stored in liquid nitrogen for at least 1 week and later
processed for histological studies.

Biomechanical properties of decellularized
tracheas

The radial compression tests were carried out in a Microtest
displacement-controlled UTS benchtop system (Microtest,
Madrid, Spain), equipped with a 15N load cell as previ-
ously described.>® The Microtest SCM3000 95 software
(Microtest, Madrid, Spain) was used for data collecting.
The resolution of the measurements was 0.001 N for force,
0.001 mm for position, and 0.1s for time. Data was col-
lected every 0.5s. The tolerated force, F(N) respect to the
length of the specimen, L (mm) was calculated represented
(F/IL)

Analysis of results

Data are shown as the mean = SEM of n=3-6 different
experiments. The statistical study was performed by analy-
sis of variance (ANOVA) followed by the Turkey’s multi-
ple comparison test (GraphPad Software Inc., San Diego,
CA). Significance was accepted at p<<0.05.
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Results

Effectiveness of different combinations of
detergents for the decellularization of porcine
tracheas

Our first objective in this study was to optimize a protocol
to decellularize porcine tracheas. During the decellulariza-
tion process, the degree of decellularization was monitored
weekly by DAPI staining. Nuclei removal was maximum
at week 4. At this time point, specimens were fixed, pro-
cessed histologically, and stained with hematoxylin eosin,
Masson’s trichrome, PAS, and orcein (Figures 1-4).

Histological examination of the control tracheas
showed a structural organization similar to human. The
mucosa layer consisted of a typical respiratory epithelium
with predominance of ciliated and goblet cells and an
underlying lamina propria over the submucosa layer com-
posed of connective tissue (Figure 2, panel A). No physical
structure was found to delimit the submucosal layer in
which abundant muco-serous glands were found (Figure 2,
panel B). Masson’s trichrome staining revealed the pres-
ence of a loose connective tissue with abundant stromal
cells and characteristic thin bundles of collagen fibers,
which were more abundant in the submucosa than in the
lamina propria (Figure 3, panels A and B). The cartilagi-
nous layer was composed of a typical hyaline cartilage sur-
rounded by a well-organized perichondrium (Figure 2,
panels B and C). The presence of glycosaminoglycans
(GAGs) was also observed in the entire connective matrix
of the tracheal wall, defining characteristic chromatic
areas in the cartilaginous layer, as evidenced by PAS stain-
ing, as well as highlighting the location of goblet and other
mucous-secreting cells (Figure 4, panels A-C).

Representative panoramic images of pig tracheae
before and after the decellularization process are shown in
the Figure 1. As represented, none of the conditions altered
the histological structure or organization of the cartilagi-
nous layer of the trachea used.

All combinations of the detergents assayed completely
removed the cells from the mucosa and submucosa layers
(Figure 2, panels D, E, G, H, J, K, M, N). Regarding the
cartilaginous layer, the detergents which achieved a greater
chondrocyte removal were groups C (2% Triton
X-100 + 0.25% SDS) (Figure 2, panel 1) and E (2% SDS)
(Figure 2, panel O), while tracheas of groups B (0.2%
Triton X-100 + 0.25% SDS) and D (4% SDC), the degree
of decellularization of the chondral layer was reduced
(Figure 1, panels F and L). In general, all decellularized
tracheas experienced a significant loss of collagen as evi-
denced by Masson’s trichrome stain (Figure 3, panels
D-0). This loss of collagen content was particularly rele-
vant in the decellularized tracheas of the experimental
groups C (2% Triton X-100 + 0.25% SDS) (Figure 3, pan-
els G-I) and D (4% SDC) (Figure 3, panels K and L),
while it was minimal in group B (0.2% Triton X-100 + 0.25

SDS) (Figure 3, panels D—F) and intermediate in group E
(2% SDS) (Figure 3, panels M-0). A similar trend was
observed for GAGs content, as summarized in Figure 4.

Next, the DNA content was measured in all groups
included in experiment (i). DNA content in the control
group A was 5.21 = 0.252ng/mg tissue, which is a value
statistically significant higher than DNA content in experi-
mental groups C (0.18 = 0.021ng/mg), D (0.22 £ 0.003 ng/
mg), and E (0.85 = 0.065ng/mg). DNA content in decel-
lularized tracheas group B was of 3.1 == 0.51ng/mg tissue,
which is a statistically significant difference with respect
to the rest of the experimental groups except the control
one.

Finally, orcein staining was used to study the effects of
decellularization on the composition of the elastic fibers of
the tracheas. Only tracheas from group A (control) and
decellularized tracheas from groups D (4% SDC) and E
(2% SDS) were included in this study. In the control tra-
cheas (group A), elastic fibers were abundant in all tra-
cheal layers, but in the cartilaginous matrix (Figure 5,
panel A). In the mucosa and submucosa layers, the elastic
fibers showed a regular size and a precise arrangement.
Just under the epithelium of the mucosa layer the elastic
fibers were thin and with a predominantly concentric
arrangement with respect to the lumen, while in the depth
of the mucosa and in the submucosa layer, an alternation of
circular and longitudinal arrangements of elastic fiber bun-
dles with respect to the lumen was observed (Figure 5,
panel B). In the adventitia layer, the content of elastic fib-
erswas also relevant, with thinner fibers than in the mucosa
and submucosa layer, and without a strict organization
(Figure 5, panel C). The content and organization of elastic
fibers were preserved in both experimental groups D and
E, but no significant differences with respect to the con-
trols were observed (Figure 5, panels D-I).

Optimization of SDS concentration for
decellularization protocol

Among all the detergents studied in experiment (i), 2%
SDS (group E) showed the highest chondrocyte removal
capacity with the least impact on the extracellular matrix.
For this reason, an SDS concentration curve was used to
determine the optimal percentage of such ionic agent, and
SDS between 0.5% and 4% were tested in experiment (ii)
(Table 1). During the decellularization process, tissue sam-
ples were taken at weeks 2 and 4, and DNA was extracted
and measured by spectrophotometry. The results are repre-
sented in Figure 6, panel A. Only group E (2% SDS) was
effective in tissue DNA clearance at week 2, when DNA
removal was maximal. The rate of DNA removal was
slower in all other experimental groups and none of them
achieved satisfactory clearance levels.

Next, the effectiveness of SDS in removing chondro-
cytes from cartilage rings was evaluated. As described in the
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Figure |. Panoramic view of porcine tracheas before and after decellularization. Porcine tracheas were cut in rings and incubated
in the absence or presence of different detergents for up to 4weeks. The following experimental groups were considered: A (non-
exposed to detergents, control group, panels A-C), B (0.2% Triton X-100 + 0.25% SDS, panels D—F), C (2% Triton X-100 + 0.25%
SDS, panels G-I), D (4% SDC, panels H-J), and E (2% SDS, panels K—M). The samples were processed and stained with hematoxylin
eosin (panels A, D, G, J, and M), Masson’s trichrome (panels B, E, H, K, and N), and orcein (panels C, F, |, L, and O). The results
presented are representative of three different animals.

methods section, decellularized tracheas were stained with Figure 6, panel B. As it is shown, 2% SDS was the concen-
hematoxylin eosin and the number of non-decellularized, tration of detergent that most efficiently eliminated the cells
partially decellularized and completely decellularized lacu-  from lacunas, which was evident due to the limited number
nae was estimated. The results obtained are represented in of intact chondrocytes detected.
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Figure 2. Hematoxylin eosin staining of decellularized porcine tracheas. Porcine tracheas were cut in rings and incubated in

the absence or presence of different detergents for up to 4weeks. The following experimental groups were considered: A (non-
exposed to detergents, control group, panels A—C), B (0.2% Triton X-100 + 0.25% SDS, panels D—F), C (2% Triton X-100 + 0.25%
SDS, panels G-I), D (4% SDC, panels H-J), and E (2% SDS, panels K-M). Samples were processed and staining with hematoxylin
eosin. Representative panoramic (left column) and detail of mucosa (center column) and cartilage (right column) layers are shown.
The results presented are representative of three different animals.

A morphometric analysis of the decellularized tracheas  were stained with orcein. Then, the image J software was
was carried out to study the effects of the different doses of ~ used to select collagen (blue stained) and elastic (red stained)
SDS on the extracellular matrix composition. The samples  fibers and the respective percentage of areas of each type of
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Figure 3. Masson’s trichrome staining of decellularized porcine tracheas. Porcine tracheas were cut in rings and incubated in

the absence or presence of different detergents for up to 4weeks. The following experimental groups were considered: A (non-
exposed to detergents, control group, panels A-C), B (0.2% Triton X-100 + 0.25% SDS, panels D—F), C (2% Triton X-100 + 0.25%
SDS, panels G-I), D (4% SDC, panels H-J), and E (2% SDS, panels K—M). Samples were processed and staining with Masson’s
trichrome. Representative panoramic (left column) and detail of mucosa (center column) and cartilage (right column) layers are
shown. The results presented are representative of three different animals.

fiber was calculated. The representative image of color mask
selection is shown in Figure 6, panel C. In this example, the
collagen fibers are yellow colored and the elastic fibers are
red colored. As shown in Figure 6, panel D, none of the

concentrations tested affected the elastic fibers content.
Regarding collagen fibers, the impact of all SDS concentra-
tions was minimal, except for group E (2% SDS), which
caused a loss of nearly 22% of the blue-stained area.
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Figure 4. PAS staining of decellularized porcine tracheas. Porcine tracheas were cut in rings and incubated in the absence or
presence of different detergents for up to 4weeks. The following experimental groups were considered: A (non-exposed to
detergents, control group, panels A-C), B (0.2% Triton X-100 + 0.25% SDS, panels D—F), C (2% Triton X-100 + 0.25% SDS,
panels G-I), D (4% SDC, panels H-J), and E (2% SDS, panels K—M). Samples were processed and staining with PAS. Representative
panoramic (left column) and detail of mucosa (center column) and cartilage (right column) layers are shown. The results presented
are representative of three different animals.

Biocompatibility of decellularized porcine chondrocytes and epithelial cells. The decellularized tra-
tracheas cheal rings were immersed in chondrocyte proliferation cul-

ture medium and incubated at 37°C in the incubator. After
Next, we decided to study whether decellularized tracheas ~ 24h of culture, the medium was removed and chondrocytes
were capable of promoting cell nesting in vitro, for both  were injected into the cartilage layer of the tracheal rings as
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Figure 5. Orcein staining of decellularized porcine tracheas. Porcine tracheas were cut in rings and incubated in the absence

or presence of different detergents for up to 4weeks. The following experimental groups were considered: A (non-exposed to
detergents, control group, panels A-C), D (4% SDC, panels D—F), and E (2% SDS, panels G-I). Samples were processed and staining
with Orcein. Representative panoramic (left column) and detail of mucosa (center column) and adventitia (right column) layers are
shown. The results presented are representative of three different animals.

detailed above. A representative image of the injection pro-
cedure is presented in Figure 6, panel E. Furthermore, some
tracheal rings were sectioned into 0.25cm? pieces, and used
to seed NBHE cells on their mucosal surface. Both chondro-
cyte-injected and NBHE-seeded samples were cultured in
their respective media and maintained for 1week in the
incubator. DAPI staining indicated the presence of cell
nuclei in both the cartilaginous layer (Figure 6, panel F,
showing the injected area of chondrocytes) and on the
mucosa surface (Figure 6, panel G), in which some cellular
mitosis could be observed (Figure 6, panel H). Regarding
cartilage, the number of DAPI positive lacunae were signifi-
cant higher in the injection areas than in the rest of the layer
where the DAPI signal was minimal.

Long-term cryopreservation of decellularized
porcine tracheas
The tracheal rings were decellularized using 2% SDS (group

E), exposed to osmotic shock, and then cryopreserved. SEM
analysis of the cryopreserved tracheas demonstrated

a normal distribution of connective fibers in the mucosa,
submucosa, and cartilaginous layers, where chondral cell
debris were observed in some of the lacunae (Figure 7,
panel A). The morphometric study of histological processed
tracheas showed no differences regarding the content of col-
lagen and elastic fibers in frozen tracheas compared to the
non-frozen tracheas (Figure 7, panel B).

Biomechanical analysis of 2% SDS decellularized tra-
cheas (group E) from both fresh (non-frozen) and frozen
samples was carried out as described in the methods sec-
tion. All decellularized tracheas showed a significant
decrease in F/I (Figure 7, panel C). Interestingly, a higher
although not significant value of F/I was observed in the
group of cryopreserved tracheas compared with to the non-
cryopreserved decellularized experimental group.

Discussion

Tracheal stenosis represents a serious health problem with
disastrous consequences on the quality of life of affected
patients, in some cases leading to death. There is a current
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Figure 6. Panels A and B. DNA quantification and chondrocyte removal estimation of SDS decellularized porcine tracheas.
Porcine tracheas were cut in rings and decellularized using 0.5%—4% SDS for up to 4weeks. The following experimental groups
were included: A (non-exposed to detergent, control group), F (0.5% SDS), G (1% SDS), E (2% SDS), and H (4% SDS). DNA
content was estimated using a small portion of decellularized rings (panel A) at the following time-points: 0 (control), 2, and
4weeks. The remaining tissue was staining with Masson’s trichrome and the number of non-decellularized (intact chondrocytes),
partially decellularized (degraded chondrocytes), and completely (empty lacunae) decellularized was estimated (panel B). The results
obtained are represented as mean = SD in panel B. n=3 different animals were used. *p <0.05 compared to control group (group
A). Panels C and D. Morphometric evaluation of collagen and elastic fibers in SDS decellularized porcine tracheas. The followings
groups were included: A (non-exposed to detergent, control group), F (0.5% SDS), G (1% SDS), E (2% SDS), and H (4% SDS).

The percentage of the area occupied by a blue staining (collagen fibers, yellow marked in the panel C) and red staining (elastic
fibers, red marked in the panel D) was estimated using the Image | software. The results obtained are represented as mean = SD
in panel B. n=3 different animals were used. *p <0.05 compared to control group (group A). Panels E-H. Biocompatibility of
decellularized porcine tracheas. 6 X 10® chondrocytes in | ml of chondrocyte culture medium were injected in the cartilage layer
(representative picture is shown in panel A), while in other rings, 3 X 10° cells in | ml NHBE cell culture medium were seeded on
the luminal surface of decellularized tracheal rings. Recellularized rings were cultured for | week and DAPI staining evaluated. Panel
F: representative image of the chondrocyte injection area in the cartilaginous layer. Panel G: representative fluorescence image of
the surface of the trachea. Panel H: detail of mitosis in the mucosal surface.
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Figure 7. Histological and mechanical properties of long-term cryopreserved tracheas. Porcine tracheas were cut in rings and
decellularized using 2% SDS for up to 4weeks. The following experimental groups were included: control (non-decellularized
tracheas), 2% SDS decellularized non-frozen tracheas and 2% SDS decellularized frozen tracheas. Representative images of SEM
of basal lamina surface (panel A, up-left), lamina propria (panel A, up-right), submucosa (down-left) and cartilage (down-right)
layers are shown in panel A. Panel B: morphometric analysis of processed tracheas stained with orcein. Panel C: Compression
test of decellularized tracheas. The tolerated force, F(N) respect to the length of the specimen, L (mm) is represented (F/L). Data
presented are representative of three different animals. *p < 0.05 compared to control group.

need for valid tracheal substitutes when more than 50%
resection is performed. However, the complex biomechan-
ics of the trachea is one of the factors responsible for the
failure of different substitutes generated by tissue engi-
neering techniques. For this reason, decellularized tracheal

matrix is a realistic source of compatible scaffolds, which
could potentially be usefully for airway regeneration.
Complete removal of the cellular content of tracheas is
necessary to avoid immunogenic responses that would
lead to scaffold failure, especially because most candidate



1010

The International Journal of Artificial Organs 44(12)

patients are immersed in a carcinogenic process that pre-
cludes the use of immunosuppressants.?’” The removal of
cells and cellular debris form the mucosa, submucosa, and
adventitia layers of the trachea is not a problem as it is
relatively simple, but things are different when it comes to
the cartilaginous layer. In fact, some authors argue that it is
impossible to completely decellularize the cartilaginous
rings supporting the trachea.?® Notwithstanding, the
absence of vascularization of the hyaline cartilage repre-
sents an advantage, therefore a complete decellularization
of the tracheal cartilage may not be necessary to avoid the
immunological rejection of the scaffold.?® This is an
important aspect to consider because most decellularizat-
ing agents have a greater or lesser impact on the integrity
of the extracellular matrix and an equilibrium must be
reached between cell removal and the integrity of the sup-
porting connective tissue. This balance should depend on
the characteristics of the tracheal matrix, which are differ-
ent in the diverse animal species and depends on aspects
related to weight, size, neck length, or bipedal standing.?®

Among the different decellularization agents, the use of
ionic detergents, alone or in combination with physical
methods, seems inevitable. Most reported decellulariza-
tion protocols use SDC, generally at a 4% concentration,
alone or in combination with other agents including non-
ionic detergents such as SDS, CHAPS, or Triton X-100,
enzymes such as trypsin, or physical agents that include
vacuum or temperature, among others.**-2022 Nevertheless,
in many investigations, the decellularization protocol used
is not optimized for a particular animal species, or for
other specific experimental conditions, and authors
directly use 4% SDC. For this reason, our first objective
was to optimize a specific protocol for the decellulariza-
tion of porcine tracheas. We decided not to use complex
equipment such as vacuum pumps or lasers to optimize an
easily reproducible protocol in any conventional labora-
tory. All procedures were performed at RT and only an
orbital shaker was used. We include some of the most
widely used ionic detergents in the literature, alone or in
combination. A group of animals treated with 4% SDC
was included as a reference experimental group. We decide
to include several osmotic shocks in the protocol, includ-
ing one shock at the beginning of the protocol, another
after each change of detergent solution, and a final shock
at the end of the experiment. These osmotic shocks were
added to increase the removal of cellular debris and DNA
and detergent residues which could affect the viability of
the generated decellularized matrix. Analysis of DAPI-
stained samples indicates an optimal cell removal after
4weeks of decellularization, and thus this was the time-
point selected for the rest of the experiments. Taking in
consideration our experimental conditions and the animal
species selected, a fine histological analysis indicated that
the samples treated with 2% SDS presented the best
removal of cells form the tissue with the mild impact on

the composition and organization of the extracellular
matrix. Interestingly, 4% SDS was less effective than 2%
SDS in cell removal of processed tracheas. We attribute
this effect to a considerable increase in the viscosity of the
detergent solution due to its high concentration, which pre-
vented the access of the detergent to the tissue. This effect
could be minimized by using an incubator, but this would
have involved the use of more instruments and this was out
of our objectives. It is important to highlight that this con-
clusion is probably only valid for our experimental condi-
tions and the animal species used, therefore a specific
protocol should be optimized for other experimental
variables.

Although SDS is a valuable decellularizating agent
widely used in tissue engineering, it does not lack disad-
vantages, and in fact it has been reported that SDS can
generate potentially cytotoxic residues that could affect
the viability of the decellularized matrix.%® In order to
lessen this undesirable effect of SDS, we decided to
include several osmotic shocks with distilled water to
increase debris removal. Tracheas were first decellularized
and then chondrocytes and NBHE cells were cultured in
the cartilage layer or on the mucosal surface of decellular-
ized tracheas, respectively, to test the effect of decellulari-
zation on cell viability. The results obtained indicated little
deleterious effect on cell survival, as it was evidenced by
the presence of intact nuclei and mitosis in both cartilage
and mucosa layer of the tracheas.

An important aspect in regard to tracheal engineering is
the need for ready-to-use substitutes, because affected
patients cannot wait months for treatment and even, in a
case of emergency, neither hours. Faced with this problem
there are two possible solutions: shorten times for the
decellularization procedure, or preserve the decellularized
tracheas for future use. Several authors have improved the
experimental procedures using strategies that include the
use of negative pressure, decellularization cycles with dif-
ferent agents, the use of laser or different enzymes, etc. We
propose that cryopreservation of tracheas could be a real-
istic solution for this problem, because it would allow a
stock of ready-to-implant decellularized organs of differ-
ent sizes. With this idea in mind, we present in this article
an standardized protocol for cryopreservation of porcine
decellularized tracheas with a long-term study of the evo-
lution of the extracellular matrix organization and of the
biomechanical properties of tracheas. Regarding histology,
no effect has been observed for the cryopreservation of the
trachea after 1week compared to the non-cryopreserved.
Regarding biomechanical studies, a moderate but not sig-
nificant increase has been observed in some of the param-
eters analyzed. This observation agree with other
investigations and could be a consequence of the fact that
freezing can induce changes in the characteristics of the
proteoglycans of the extracellular matrix.3**2 Nevertheless,
the observed differences are minimal and not significant. It
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is important to highlight that we have not study the biome-
chanical properties of each of the components of decellu-
larized trachea, but of the whole trachea considered as a
unit. Although studying the behavior of tracheal cartilage
separately would be of interest, our aim was to obtain the
most important clinically important information as
described before.56.23

Conclusion

In summary, the results presented here indicate that, on the
one hand, the best decellularizing agent for porcine tra-
cheas in our experimental conditions is 2% SDS and, in the
other hand, the cryopreservation protocol used has no
effect on the extracellular matrix composition and does not
negatively influence the biomechanical properties of this
acellular tracheal matrix. These results reinforce the need
to optimize decellularization protocols based on the exper-
imental model used, as well as demonstrate the usefulness
of cryopreservation to have a stock of decellularized tra-
cheas ready to use.

At this point we are ready to tackle the problem of vas-
cularization of grafts, which is the true workhorse in tra-
cheal tissue engineering.
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