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A B S T R A C T

Commonly reported decellularization protocols for trachea may take up from several weeks to months in order
to remove the cellular materials. Two years ago, we significantly reduced the time of decellularization trachea
process using trypsin. Despite the positive outcome, the protocol was useful to produce 5 cm graft length, an
unsuitable length graft for most patients with tracheal disorders. In this work we improved the decellularization
procedure for longer sections up to 10 cm without considerable extension in the necessary time process
(2 weeks). Herein, for the first time, we completely describe and characterize the process for pig tracheal
bioactive scaffolds. Histological and molecular biology analysis demonstrated effective removal of cellular
components and nuclear material, which was also confirmed by the Immunohistochemical (IHC) analysis of the
major histocompatibility complexes (MHCs) and DNA stain by 4′-6-diamidino-2-phenylindole (DAPI). The
images and data obtained from scanning electron microscopy (SEM) and thermal analysis showed conservation
of the hierarchical structures of the tracheal extracellular matrix (ECM), the biomechanical tests showed that
decellularization approach did not lead to a significant alteration on the mechanical properties. In this paper, we
demonstrate that the proposed cyclical-decellularization protocol allowed us to obtain a non-immunological
10 cm natural tracheal scaffold according to the in vivo immunological assessment. Furthermore, the re-
cellularization of the matrix was successfully achieved by demonstrating first-stage cellular differentiation from
stem cells to chondrocytes expressed by the SOX9 transcription factor; this organ-engineered tracheal matrix has
the potential to act as a suitable template for organ regeneration.
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1. Introduction

Tracheal disorders are an urgent health issue, which can lead to
respiratory failure and ultimately, the death of patients [1–3]. There are
different types of tracheal disorders, including cancer, stenosis, and
fractures [2,4,5]. Currently, the only safe treatment for these tracheal
conditions is anastomosis [6,7]. However, this procedure can only be
used to treat short length injuries, and only palliative solutions are
available for patients with longer damages [8–10]. Several attempts at
tracheal allotransplantation have been made to offer a better treatment
option, but these have generally shown high rejection rates [8].

Advances in tissue engineering have facilitated the development of
replacement tissues or organs for the treatment of degenerative tissues
[11,12]. Three-dimensional (3D) scaffold plays a critical role in re-
generative medicine and tissue engineering, and several studies have
focused on the development of the suitable material to induce tissue
restoration [13–15]. Other attempts have been addressed to improve
the mechanical [16,17], corrosion resistance [18], antibacterial and
biodegradable properties of the scaffold [19,20]. However, despite
these advances a safe and dependable tracheal replacement remains a
critical unmet need [21].

Native tissues and organs are formed of unique extracellular matrix
(ECM) compositions, microstructures, and biomechanical properties,
which maintain distinct signals for resident cells [22,23]. Ideally, a
tissue-engineered scaffold would provide the same or similar micro-
environmental niche to the seeded cells as that of a native ECM [24].
Therefore, decellularization—i.e., the removal of antigens from cells in
the organ or tissue, leaving a matrix that can be used as a 3D scaffol-
d—emerged as a possible approach to achieve this [8]. Many different
approaches have been developed in order to get a feasible and suitable
decellularization techniques for whole organs like pancreas, hearth,
liver and kidney [22,25–27]. However, the decellularization process
intended for trachea so far requires a considerable time and there is not
completely effective process for it [21,28,29]. Thus, in a previous study,
we compared the processing time versus the effectiveness of three cy-
clical trachea decellularization protocols, and we found that the use of
trypsin as a decellularization agent allowed the removal of more cel-
lular components in less time [1].

Encouraged by these results, in this work, we propose a highly ef-
fective modification of Protocol C [1]. In that way, it would allow the
treatment of tracheas of acceptable length to be used in a larger di-
mension of organ damaged. This new protocol introduces guanidine
and ultrasound as chemical and physical decellularization agents, re-
spectively, the characterization of the extracellular matrix (ECM)
scaffolds were studied by histological examination, im-
munohistochemical (IHC) and biophysical assays. The efficacy of de-
cellularization procedure was evaluated by quantification of the DNA
remaining in the ECM and the decrease of the major histocompatibility
complexes (MHCs). The preliminary in vivo immunogenic reaction of
the grafts was tested by subcutaneously implanting of the decellularized
trachea matrices in a mouse model. Finally, in this paper, we evaluated
the preliminary scaffold's cellular induction capabilities over 15 days
using human Adipose-Derived Mesenchymal Stem Cells (hADMSC).

2. Materials and methods

2.1. Pig trachea harvest

All animal experiments were performed in accordance with the
animal welfare act, following the Mexican Standard NOM-062-ZOO-
1999 and the guidelines of the EU Directive 2010/63/EU for animal
experiments [30] [31], and observing the requirements of the Ethics
Committee of The Faculty of Medicine of the Universidad Nacional
Autónoma de México (UNAM).

The tracheal segments were obtained from male Landrace swine
(n=9) between 2 and 4months old (25–35 kg) and were cut in 10 cm

long cylinders to undergo the decellularization protocol.

2.2. Cyclical decellularization protocol

Two cycles of decellularization were carried out as follows: It
started by removing the connective tissue around the trachea, soaking
the trachea in 1% povidone‑iodine in Milli-Q water at 40 °C and rinsing
it twice with deionized water. Then the tracheas were incubated in 1%
Trypsin-EDTA solution (Gibco) in PBS 1× for 7 h at 37 °C. After that,
they were incubated in 10% Guanidine solution in Buffer Tris (Tris-HCl
0.8%, 1% NaCl) during 16 h at 4 °C, and then the tissues were incubated
in 4% sodium deoxycholate (Sigma) for 7 h at room temperature in an
ultrasonic bath (Cole-Parmer 8891) and the solution was changed each
hour, the segments were rinsed three times with Milli-Q water and
vortex stirring between each change. Then the tracheas were subjected
to three orbital incubations as follows: first, with 1% sodium dodecyl
sulfate (SDS) solution (Sigma) in Milli-Q water for 16 h; then in a 2%
tributyl phosphate (Sigma) solution in Buffer Tris for 24 h at room
temperature, and finally, in 70% ethanol for 24 h at 4 °C. After that, it
was carried out a freeze-thaw process for 72 h.

Finally, the decellularized tracheal segments (from both cycles)
were stored in a 10% antibiotic-antimitotic solution in phosphate-buf-
fered saline (PBS) and sterilized by UV radiation for 30min for com-
plete characterization.

2.3. Verification of decellularization protocol

The effectiveness of the decellularization protocol was evaluated
through 4′-6-diamidino-2-phenylindole (DAPI) staining for nucleic
acids and using the immunofluorescence assay to determine the pre-
sence of MHC-I and MHC-II markers in the trachea's epithelium, mu-
cosa, and submucosal tissues. The decellularized samples were com-
pared against native samples.

2.3.1. DNA quantification
To assess total DNA content of native tracheas and bioengineered

matrices, specimens of 90mg were disintegrated and homogenized in
1mL of denaturing solution using a TISSUE LYSER (Qiagen Inc.)
(4 cycles at maximum speed for 2min). The DNA content was isolated
with TRIzol (Invitrogen) and the concentration measured by absor-
bance spectrophotometer (GeneQuant) at 260 nm wavelength. 260/
280 nm wavelengths ratio was used to determine sample purity.

2.4. Biophysical assessment of the decellularized ECM

2.4.1. Morphology characterization by scanning electron microscopy (SEM)
The topography of the native and bioengineering scaffolds was

observed by SEM. The samples were fixed with 3% (v/v) glutar-
aldehyde in a buffering solution of 0.1M sodium cacodylate (pH 7.2).
Then they were dehydrated with ethanol (from 30% to 100%), and,
finally, dried using a critical point dryer CO2 chamber, as previously
reported by Rivera et al. and Rodriguez-Fuentes et al. [32,33]. The
images of the matrices were obtained using an SEM DSM-950 (Zeiss) at
15 kV.

2.4.2. Thermal analysis characterization
Thermal behavior of the samples and any possible degradation as-

sess of the matrices due to the decellularization procedure were carried
out by differential scanning calorimetry (DSC) (TA Instruments Q100)
and by thermogravimetric analysis (TGA) (TA Instrument Q500), at a
heating rate of 100 °C/min in a temperature range from 25 °C to 300 °C
under inert atmosphere (Nitrogen). All samples were freeze-dried at
3.6 Pa and− 47 °C in a Freeze Dryer (Labconco FreeZone 1) before
thermal analysis.
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2.4.3. Biomechanical test
It was used Dynamic Mechanical Analysis (DMA) on tracheal ring

cartilage to ensure unaltered mechanical properties as a consequence of
the decellularization process. It was compared the Storage's modulus of
the decellularized cartilage trachea versus the native trachea cartilage.
The test was performed in a Dynamic Mechanical Analyzer (TA
Instruments Q800), at 37 °C using 1 Hz deformation frequency. The
samples were conserved in a 10% antibiotic–antimitotic in PBS solution
and stored at 4 °C for a week changing the solution every two days until
the test was performed. The cartilage pieces were bound with sand-
paper to facilitate a predefined clamping and to avoid sliding between
the tips of the samples and the clamps. The specimens of the cartilage
measured 1.6 ± 0.2mm in thickness, 5.3 ± 0.9 mm in width and
25 ± 1.5mm in length. The distance between the two reference points
was about 18.1 ± 1.7mm. At least four measurements were performed
per group of native and decellularized samples.

2.5. In vivo implantation of decellularized trachea

To guarantee a non-immunological reaction of the decellularized
scaffolds, an inflammatory essay study was carried out. The
Institutional Animal Care and Use Committee of the Instituto Nacional
de Rehabilitación (INR) (Mexico City, Mexico) approved all animals
experiments. CD-1 male mice, age of 6–8weeks (n=28), were divided
randomly into three groups as follows: (1) the experimental group
(n=12) implanted with a cross-section of 2 decellularized trachea
rings harvested from three different animals; (2) the negative control
group (n=12) received the surgical injury without graft, (3) and the
positive control group (n=4) was implanted with a cross-section of 2
native trachea rings. The grafts were surgically placed within a dorsal
subcutaneous pocket of 12 mice. Each mouse was anesthetized and
maintained in a surgical plane of anesthesia with 1.5–2.5% isoflurane in
oxygen and positioned in dorsal recumbency. The surgical area was
prepared in sterile conditions using 70% isopropyl alcohol, followed by
the placement of sterile drapes. For the subcutaneous surgical im-
plantation, a central longitudinal incision measuring approximately
1.5 cm in length was made in the epidermis, dermis, and fascia to ex-
pose the underlying muscle tissue on the dorsal side. Dermal layers and
underlying connective tissue were undermined to create a pocket with a
size similar to the graft. The graft was placed in this pocket (groups 1
and 3) and the skin was then closed over the surgery site (all groups)
uninterruptedly with non-absorbable marking sutures (5–0 prolene). All
mice survived the surgical procedure and the predetermined study
period without complications. They were euthanized after 1, 2, 7, and
15 days with 5% isoflurane in oxygen. Following euthanasia, the graft
with the surrounding skin and muscle were harvested and fixed in 4%
Paraformaldehyde (PFA) for histologic and immunohistochemical stain
evaluations.

2.6. Recellularization and culture of seeded-trachea scaffold

To stablish the cell scaffolding and cell induction differentiation
capabilities of the decellularized matrices, human adipose-derived
mesenchymal stem cells (hADMSCs) were used for the scaffold re-
cellularization. Nine decellularized trachea segments were sterilized by
UV irradiation, then, these were cultured in DMEM-F12 (Gibco) with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin for
30min. Finally, 100.000 cell/cm3

first passage (P1) of hADMSCs were
seeded on each scaffold.

2.6.1. Human adipose-derived mesenchymal stem cells (hADMSCs)
isolation and culture

The isolation and culture of hADMSC were carried out as previously
reported Sanchez-Sanchez et al. [34]. Briefly, the consent and experi-
mental protocols of cell assays in this study were reviewed and ap-
proved by the Ethics Committee of the Instituto Nacional de

Rehabilitación (INR) (Mexico City, Mexico). Subcutaneous adipose
tissue was obtained from four patients undergoing elective liposuction
who signed informed consent before this aesthetic surgery. Surgical
procedures were performed using a liposuction needle with an internal
diameter of 4mm. Lipoaspirate samples were digested for 45min at
37 °C with shaking at 200 rpm in DMEM medium (Gibco) containing
0.1% type I collagenase (Worthington Biochemical). Cells were passed
through a 70 μm strainer and centrifuged at 1200 rpm for 5min. Cells
were seeded at 50.000 cells per cm2. After 24 h, the medium was
changed, and the adherent hAMSCs were grown to confluence as pas-
sage zero cells. Cells were maintained in DMEM medium supplemented
with 10% FBS (Gibco) and 1% penicillin/streptomycin (Gibco).

2.6.2. Flow cytometry
To verify the presence of MSC markers, first passage (P1) MSCs were

analyzed using a FACSCalibur flow cytometer (FACS; Becton
Dickinson). We analyzed two positives and two negative markers for
mesenchymal stem cells. The mesenchymal stem cell markers were
CD73 (ecto-5′ -nucleotidase) and CD90 (Thy-1). The hematopoietic
markers were CD34 and CD45 (LCA). At 80% of confluence, cells at first
passage were harvested from a 75 cm2

flask, counted, and resuspended
to a concentration of 2× 105 cells per antibody test in the incubation
buffer (PBS–0.5% uncomplemented FBS). Fifty-microliter aliquots of
cells were transferred to flow cytometry tubes and incubated for 45min
at 40 °C with CD34-PE (Becton Dickinson), CD73-APC (BD Pharmingen)
or CD90-FITC (BD Pharmingen) monoclonal antibodies. Negative con-
trol stain was performed using a FITC-conjugated mouse IgG1 isotype, a
PE-conjugated mouse IgG1 isotype, and an APC-conjugated mouse IgG1
isotype antibody (all from BD Biosciences). Subsequently, cells were
washed with PBS and diluted in 500 μL of PBS. Finally, data were ac-
quired by FACSCalibur (Becton Dickinson) equipped with a laser BLUE
488 nm. Data analysis was performed with the software Cell Quest Pro
(Becton Dickinson Immunocytometry Systems).

2.7. Histological analysis

Histological analyses were performed on native tracheas, decel-
lularized matrices, surgery sites, and implanted sites. Sections of each
sample were set in a mold, covered in Tissue-Tek cold embedding
media, and frozen at −30 °C. The Tissue-Tek block containing the
specimen was cryosectioned to a thickness of 6 μm and mounted on
SuperFrostPlus glass slides. All samples were thawed in PBS for ten min
before testing. The native and decellularized tracheas sections were
stained with Alcian Blue, Masson's Trichome, Herovici, Safranin-O, and
Picro Sirius Red, in order to evaluate the modification of the significant
components of the ECM, the surrounding tissue of surgery and im-
planted sites were stained with hematoxylin and eosin (H&E) to assess
the in vivo biocompatibility.

2.8. Immunohistochemistry analysis

To determine the effectiveness of the decellularization process, the
presence of MHC-I and MHC-II markers after the procedure was im-
munohistochemically evaluated by anti-HLA A antibody [EP1395Y]
(ab52922, Abcam) and anti-HLA DR+DP+DQ antibody [CR3/43]
(ab7856, Abcam), respectively. The primary antibodies were used at
1:100 dilution. Donkey anti-rabbit IgG-FITC (Santa Cruz, 1:200) and
goat anti-mouse IgG-TR (Santa Cruz, 1:100) were used as a secondary
antibody, respectively.

To ensure that the main structural component in the matrix re-
mained unaltered by the decellularization process, type II collagen was
followed by immunohistochemical labeling using mouse monoclonal
anti-collagen II antibody [5B2.5] (ab3092, Abcam) at 1:200 dilution. F
(ab')2-Goat anti-Mouse IgG (H+ L) FITC (Invitrogen) at 1:200 dilution
was used as a secondary antibody.

To evaluate the inflammatory response, TNF-α pro-inflammatory
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cytokine in in vivo assay samples were immunohistochemically labeled
using the primary rabbit polyclonal antibody (H-156; Santa Cruz), the
primary antibody was used at 1:25 dilution. Donkey anti-Rabbit IgG-
FITC (Santa Cruz, 1:200) was used as a secondary antibody.

To evaluate the inductive capacity of the scaffold, the hADMSCs
seeded in the scaffolds were immunolabeled with the primary anti-
bodies against human CD90 (1:100, Becton-Dickinson) and SOX9
(1:100, ab185966, Abcam) after 7 and 15 days of seeding respectively.
To do so, these constructs were washed and fixed in 4%
Paraformaldehyde/0.1 M PBS buffer (pH=7.4), and then washed with
PBS and incubated with Alexa Fluor 488 (1:500) as a secondary anti-
body.

In all the analyses carried out, nonspecific binding was blocked
using bovine serum albumin (BSA); the primary antibodies were in-
cubated at 4 °C overnight; nuclei were stained using 1mg/mL of DAPI
for 10min; the secondary antibodies were incubated for 2 h at 37 °C;
and images were obtained with an LSM 780 confocal microscope and
Zen2010 software (Carl Zeiss).

2.9. Statistical analysis

We performed the statistical analysis using GraphPad Prism 6.05
statistical software (San Diego). The decellularized group was com-
pared with a native sample group as a control using Sidak's multiple
comparison test analysis of variance. We considered a p-value of ˂ 0.05
significant.

3. Results

3.1. Effectiveness of decellularization protocol

Macroscopically, a gradual change of color was observed during the
cyclical-decellularization process (Fig. 1A–B). The process was con-
tinued until the whole trachea turned utterly white (2 cycles/2 weeks)
as depicted in Fig. 1B. This generated an acellular trachea scaffold that
retained its gross anatomical structure. DAPI stain examination showed
no remainder cells after the completion of decellularization (Fig. 1C–D).
Immunostaining of the MHC-I and MHC-II in submucosa trachea con-
firmed no residual presence of Major Histocompatibility Complexes
(MHC-I and MHC-II) in the decellularized tracheas (Fig. 1E–L) the
quantification of the MHC-I and MHC-II positive stain was conducted by
the software image analyzer (ImageJ 1.52a) (Fig. 1M). To further assess
the efficacy of decellularization, DNA quantification was performed.
We observed a significant decrease in DNA content in the decellularized
tracheas (Fig. 1N).

3.2. ECM characterization: histology and immunohistochemistry analysis

To characterize the decellularized trachea matrix, Alcian Blue,
(Fig. 2A–B), Masson's Trichrome (Fig. 2C–D), Herovici (Fig. 2E–F),
Safranin-O (Fig. 2G–H) and Picro Sirius Red (Fig. 2 I-J) stain were
performed to evaluate the spatial presence of major ECM components
relative to native tracheas. In native tracheas, the ECM is composed
primarily of cartilage rings of type II collagen and other structural
proteins filled with proteoglycans. After decellularization process the
significant components of the ECM was retained, the main changes
were observed in the cartilage of the trachea due to loss of some GAG's
molecules (Fig. 2B & H) and the crosslinking in the collagen of the
cartilage (Fig. 2F).

Immunohistochemical (IHC) label showed that collagen type II was
detected in the native tracheas (Fig. 2K). After decellularization, the
collagen type II was preserved, without any detectable nucleus by DAPI
stain (Fig. 2L).

3.3. Biophysical characterization: structural and mechanical properties of
the decellularized trachea

Scanning electron microscopy (SEM) was performed to evaluate the
effect of the decellularization procedure on the 3D architecture and
ECM microstructures of the decellularized trachea (Fig. 3A–D). SEM
analysis of the cross-sectional images of the decellularized tracheal
matrices revealed that porous structures were retained whereas the
cells were removed.

The thermal assessment results in TGA and DSC profiles (Fig. 3E–F)
obtained from the native and decellularized samples were typical of
Collagen (the main component of the matrix) and showed no significant
difference between the native trachea and the decellularized samples.
The biomechanical result (Fig. 3G) obtained from DMA tests from na-
tive and decellularized samples showed the elastic behavior of the
cartilage ring, and there was no significant difference after the decel-
lularization protocol.

3.4. In vivo response to the decellularized trachea

The decellularized trachea matrix was implanted subcutaneously to
evaluate in vivo immunogenicity in a mouse model preliminarily. The
grafts were followed for 15 days post-surgery (samples were taken 1, 2,
7, and 15 days after implantation).

The microphotography on the first day in the injury group showed
edema, hemorrhage, infiltrates, and presence of polymorphonuclear
cells (Fig. 4A). On the second day, the tissues presented infiltrated with
the presence of polymorphonuclear cells (Fig. 4B). On the seventh day,
there was a decrease in edema; there was no hemorrhage; there was
remodeling of the wound and presence of fibroblasts (Fig. 4C). On day
fifteen, it was observed that there was remodeling of the skin with
collagen overexpression (fibrosis) the existence of polymorphonuclear
cells was reduced (Fig. 4D).

In the native graft group, on the first day, the presence of infiltrate
and hemorrhage was observed, as well as inflammation (Fig. 4E); on the
second day, the presence of infiltrates and inflammatory cells (poly-
morphonuclear) was increased (Fig. 4F); on the seventh day there was
presence of infiltrate and fibrosis, as well as evidence of hypodermitis
(Fig. 4G); on the fifteenth day, there was an exacerbated expression of
fibrosis surrounding the graft, which is signs of necrosis and cells in-
flammations surrounding the graft (Fig. 4H). The above suggests a
foreign body reaction produced by the native grafts.

In the decellularized graft group, the presence of infiltrates and
polymorphonuclear cells was observed on the first day (Fig. 4I). The
second day showed an increase in the presence of fibrous tissue around
the graft (Fig. 4J). On the seventh day, there was no variation in the
amount of fibrosis around the graft (Fig. 4K). On day fifteen, less in-
filtrate was observed, and fibrosis was not increased (Fig. 4L).

Immunohistochemical analyses of the subcutaneous implantation
site were performed by the immunolabeling of TNF-α cytokine to en-
sure non-immunogenic reaction of the decellularized scaffold. The graft
was followed for 15 days post-surgery (samples were taken 1, 2, 7, and
15 days after implantation). The results showed the presence of TNF-α
surrounding the native graft (Fig. 5E–H) throughout all 15 days. How-
ever, the decellularized subcutaneous implanted trachea, as well as the
control group, showed a decrease of the TNF-α in the surgery area along
the 15 days (Fig. 5I–L and 5A–D respectively).

3.5. Recellularization of the decellularized tracheal scaffold

To evaluate the potential of the decellularized trachea as a scaffold
for trachea engineering, it was recellularized using hADMSC. For the
characterization of hADMSC, the characteristic cell markers were ana-
lyzed. Flow cytometry showed that MSCs expressed CD90 and CD73,
but they were negative for the expression of CD34 and CD45. We de-
tected the expression of CD90 (97.4%), CD73 (98.6%), CD45 (0.38%),
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and CD34 (0.99%) in our cultures (Fig. 6A). The cells showed a change
in their morphology from rounded to elongate after 24 h and seven days
post-seeding respectively (Fig. 6B-C). After 15 days post-seeding pro-
cess, we found the first evidence of cell differentiation to chondrocytes
expressing SOX9 factor transcription protein (Fig. 6D–F).

4. Discussion

The production of an acellular organ such as the trachea by cyclical-
decellularization offers a promising alternative approach for functional

organ replacement. The goals for successful decellularization methods
are first to complete or near-complete removal of cellular material that
can lead to an immune response, and second, the preservation of ECM
structure [22,35]. Complete decellularization is necessary to prevent
immune and inflammatory reactions, and the efficiency of a given de-
cellularization method or protocol is, however, dependent on the tissue
of interest [24].

As we showed in our previous study, the use of trypsin in short
periods of incubation promote the reduction of time consumption in
trachea decellularization protocols [1]. This result encourages us to

Fig. 1. Changes from pig trachea used for cyclical decellularization protocol. Images depict change from native (A), resulting decellularized trachea (B) appeared
white. Comparison of native (C) and decellularized (D) trachea by DAPI stain showed the removal of cells. Immunohistochemistry of anti-major histocompatibility
complex Class I (anti-MHC-I) (F, J) and anti-MHC-II (G, K) on the native trachea (E, F, G, H) and decellularized (I, J, K, L) tracheal allografts following two cycles of
decellularization protocol. Quantification of anti-MHC-I and anti-MHC-II immunohistochemistry images showing the significant difference between native and
decellularized trachea **** p < .05 (M). Quantification of residual DNA (N), ****p < .05 is considered significant. Mean results are shown. Error bars: standard
deviation (SD).
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continue our research around the tracheal cyclical-decellularization
protocols; however, to find a fast decellularization protocol for longer
section (10 cm), there was necessary to introduce decellularization
agents; as a result, a new modified decellularization protocol is pro-
posed with no considerable extension in processing time. Therefore, in
this paper, we offer an in-depth characterization of this new protocol.
And we focus on the immunogenic properties and the inductive cap-
ability of the decellularized matrix obtained.

The proposed protocol allowed the efficient generation of acellular
trachea scaffold with preserved ECM and 3D architecture (Fig. 1A–B).
The resulting decellularized trachea met the rigorous requirement to
define successful decellularization [36] - the absence of nuclear mate-
rial with DAPI stain (Fig. 1C–D) and retained only< 0.01 μg DNA per
mg ECM weight as showed by quantitative DNA measurement
(Fig. 1N)-. This requirement is crucial because residual DNA fragments
in decellularized ECM have shown to lead to cytocompatibility issues in
vitro and adverse immunological response upon implantation [37–39].
As described other authors findings, we showed that native trachea
labeled positively for MHC-I and MHC-II in the epithelium and sub-
mucosal glands (Fig. 1E–H) [29,40,41]. Decellularized tracheal scaf-
folds did not show to label positively for both MHC-I and MHC-II in the
submucosal glandular components (Fig. 1I–L & 1M). This result is our
first evidence that suggests these tissue-engineered scaffolds may be
entirely nonimmunogenic.

Another essential consideration for organ decellularization is mini-
mizing the undesirable alteration and loss of ECM components [24,36].
Decellularized trachea scaffolds demonstrated maintenance of the cri-
tical structural ECM protein [1,42] as collagen type II (Fig. 2I–J &
2K–L). The decellularized matrix retained their major physiological
organization as cartilage, muscle, mucosa, and submucosa, after de-
cellularization as noted by different stains (Fig. 2A–D). This finding was
further substantiated by the observations of porosity and 3D micro-
architecture obtained through SEM (Fig. 3A–D) where the decellular-
ized sample did not show any alteration. However, there was a change
in the cartilage coloration in the Safranin-O and Herovici stains after
the decellularization process (Fig. 2G–H & 2E–F). The first one was
generated by the Glycosaminoglycans (GAGs) losses, and the second
one was produced by the crosslinking of the collagen molecules in the
tracheal cartilage, this result is supported by the biomechanical as-
sessment results, where an increase of the storage module in the tra-
cheal cartilage rings was found (Fig. 3G).

The TGA of the ECM's structural integrity (Fig. 3E) of the evaluated
samples showed a typical curve for collagen, which agrees with pre-
vious studies [43,44]. These curves showed two relevant weight losses.
The first one occurred until 105 °C due to the elimination of absorbed
water [45]. The second significant weight loss occurred between the
temperatures of 105 °C and 230 °C due to the decomposition of collagen
chains [45,46]. The superposition of the curves shows that there was no
alteration of the thermal stability. This behavior suggests that there was
no degradation of decellularized matrices concerning the native tra-
chea.

The DSC thermogram confirms the TGA results, this mean that the
first weight loss in the TGA is related to the water loss as shows the first
endothermic peak at 100 °C in DSC thermogram (Fig. 3F), this is a ty-
pical behavior of collagen molecules, which is consistent with other
authors findings [46,47]. This endothermic change is related with the
denaturalization or unfolding of collagen alpha chains, due to the
chaotropic effect generated by the hydrogen bond dissociation involved
in the elimination of all water in the sample, since the triple-helix
folding of the collagen molecule is stabilized by hydrogen bonds [47].
The second endothermic peak in DSC results is up 200 °C (Fig. 3F), this
match with the second weight loss in the TGA thermogram due to the
molecule degradation since this change has a weight loss can be at-
tributed to the peptide bonds dissociation.

There was not a significative difference in the DSC curves as well as
in the TGA; this suggests that the decellularization process had not

Fig. 2. Comparison of the ECM characterization of the native and decellularized
trachea. Alcian Blue stain of native trachea (A) and decellularized (B), Masson's
trichrome stain of native trachea (C) and decellularized (D), Herovici stain of
native trachea cartilage (E) and decellularized (F), Safranin-O stain of native
trachea cartilage (G) and decellularized (H), Picro Sirius Red stain (Polarized
light) of trachea (I) and decellularized (J) Immunohistochemistry of anti-col-
lagen type II of native trachea (K) and decellularized (L).
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modified the major structural component of the ECM of the scaffold.
Biomechanical evaluation of this kind of scaffolds is a vital assess-

ment to evaluate their functional integrity. Several studies have shown
that the biomechanical properties of the decellularized matrices change
after the process [48–50]. By using DMA, the storage module was
measured; this module is a measure of the capacity of the material to
restore the mechanically supplied energy, i.e., the stiffness of the organ-
engineered scaffold. Our results showed that the storage modulus of the
decellularized trachea was higher than the native trachea (Fig. 3G).
This effect is partially attributed by two factors, the first one to the loss
of GAG content from the decellularization protocol. GAG proteins have
numerous biological functions, and some of them are associated with
structural and biomechanical properties. GAGs have a fixed negative
charge that makes them hydrophilic and attracts water into the tissue
producing an osmotic swelling, which contributes to physical tissue
properties [22]. Elimination of GAG side chains has shown to increase
the stiffness of tissue [36,49]. The second factor that influenced the
stiffness increase was the crosslinking generated by the decellulariza-
tion process as showed the red color in the cartilage in the Herovici
stain (Fig. 2F), since this method stain in red color the most crosslinked
collagen. Although our result showed a higher storage modulus in the
decellularized trachea than native trachea, it is still well within the
mechanical property range for this organ [51–53]. While the magnitude
of increase depends on the specific organ under study, some studies
have shown that a minor modification of tissue biomechanical prop-
erties has no significant relevance in the performance of the scaffolding

functionality [53]. For instance, successful cell repopulation of a car-
diac matrix was demonstrated even though a higher tangential modulus
was detected within the decellularized scaffold [54], which is consistent
with our results.

The effectiveness of the decellularization process can be attributed
to the synergy generated between the agents used in the decellular-
ization protocol. Sodium deoxycholate produced a rupture of the
phospholipid cell membrane [49,55]. The DNase-I enzyme hydrolyzed
the DNA chain present in the cell tissue. The trypsin can produce the
loss of attachment activity in some proteins as fibronectin or aggrecan
since these proteins play an essential role in the binding of cells to ECM
[56]. It has been reported that trypsin can break the bonds of the ex-
tracellular matrix, and this promotes the degradation of collagen in the
ECM [36,57,58]. However, short incubations periods and low con-
centrations (1%) have not shown a significative adverse effect on it and
the biophysical evaluation did not show significant modification on the
ECM features same as has been reported by other studies using this
enzyme [1] [59].

Two major decellularization agents were proposed in this protocol
to get a fast decellularization protocol (2 cycles/2 weeks) for a 10 cm
trachea length. First one, the ultrasound, which generates millions of
microscopic bubbles, these expand and collapse against the cells,
causing the rupture of its membrane, promoting the decellularization
process [60,61]. The second one, the Guanidine hydrochloride, which
has not been reported extensively as a decellularization agent, although
some reports have been published related to its antimicrobial and

Fig. 3. Comparison of the biophysical characterization of the native and decellularized trachea. Scanning Electron Microscopy (SEM) micrograph from the native
trachea showing the epithelium (A) and native cartilage (B), the decellularized SEM micrograph showed detachment of epithelium (C) and remained the ultra-
structure of the cartilage (D). Thermogravimetric Analysis (TGA) results from native and decellularized samples (E). Differential Scanning Calorimetry (DSC) results
from native and decellularized samples (F) Error bars: standard deviation (SD). Dynamic mechanical analysis (DMA) results from native and decellularized samples
(G).
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Fig. 4. Histologic images (H&E) of the tissue surrounding the injury site through 15 days (A-D), implantation site through 15 post-surgery of native sample (E-H) and
decellularized graft (I-L). All samples were placed in the dorsal cavity in mice. In the negative control group (injury) was observed the presence of inflammatory cells
(polymorphonuclear) (p) at early days (2 days) (B), after 15 days the routine healing of the injury was observed (D). In the positive control group (native sample)
there was an overexpression of the polymorphonuclear cells (p) and fibrosis (f), and it was increased along the days (E-H), as a result of the foreign body reaction. In
the experimental group, with the graft of the decellularized matrix, no inflammatory cells were observed, and much less fibrosis than the native graft group (I-J).

Fig. 5. Immunolabeling images of Tumor Necrosis Factor α (green) of the tissue surrounding the injury site through 15 days (A-D), the implantation site through 15
post-surgery of native grafts (E-H) and decellularized graft (I-L). We assessed the grafts in a dorsal cavity in mice. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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antibacterial characteristics [62–64], thus it has been used as an anti-
septic [65]. Some authors report low toxicity toward mammalian cells
[66–68]. The most frequent use of this salt is as a chaotropic agent in
the study of the unfolding of proteins, which induces the loss of the
tertiary or quaternary structure of specific proteins without interaction
with covalent bonds [69]. In order to permeabilize the matrix and to
increase the effectiveness of the decellularization protocol at shorter
times, the use of this salt was proposed as a decellularization agent.

Tissue injury and the insertion of a graft necessarily led to a se-
quence of healing events, which involve a range of vascular as well as
humoral and cellular responses (inflammation) [70,71]. The first
cell–material and cell-cell interactions are essential for the outcome of
the implantation [72]. The H&E stain results showed the evolution of
the surrounding tissue and the cells in each studied group, the presence
of mononuclear cells, fibrosis and foreign body reaction surrounding
the native graft (Fig. 4E–H) confirm the importance of the complete
decellularized xenograft. The tissue around the decellularized trachea
xenograft showed a similar behavior to control group (injury) these
suggest that the graft was non-toxic after 15 days (Fig. 4A–D & I–L), the
efficiently in vivo behavior of decellularized scaffolds were associated
with absence of multinucleate cell nor fibrosis or other pathological
signs of the foreign body response.

The pro-inflammatory cytokine TNF-α is a host defense, whose over-
production can lead to chronic inflammatory diseases [73]. The cyto-
kine is produced mainly by macrophages in response to tissue damage
or infection [74–76], which is why in inflammatory processes and tissue
damage it is reasonable to present in the early stages as we observed in

all groups studied (Fig. 5A, E & I). TNF-α belongs to a family of ligands
that activate a corresponding family of cellular receptors (present in
almost all cells) that initiate signals for proliferation and apoptosis [73].
There are studies that report that the over-production leads to severe
inflammation, tissue damage and cardiovascular shock [73,76], like-
wise it is also reported that a slow and continuous production of this
cytokine leads to chronic inflammation [73], which is consistent with
our results in the positive control group (native trachea graft)
(Fig. 5E–H).

The analysis of IHC results in the evolution of the pro-inflammatory
TNF-α cytokine for the decellularized trachea graft showed a behavior
very similar to the samples of the negative control group (without xe-
nograft/injured group) (Fig. 5A–D & I–L), which suggests that decel-
lularized trachea matrix was in vivo biocompatible after 15 days of
subcutaneously implanted in a mouse model.

The decellularized scaffolds must ensure to preserve the intricate
complexities of the spatial, biochemical and temporal ECM micro-
environment since these play an integral role in modulating cellular
behavior such as migration, proliferation, and differentiation [24,36].
For this reason, the repopulation of the decellularized trachea with
hADMSC was studied, besides mesenchymal stem cells are an excellent
source of cells that can differentiate to chondrocytes, and this could
help to perform autologous cell therapy.

First, the hADMSC were characterized, and the MSCs showed the
characteristic cell markers [77] since they were positive for CD90 and
CD73 but a negative expression of CD34 and CD45 (Fig. 6A). These data
suggest that we obtained a population of hADMSCs; this was further

Fig. 6. Recellularization of decellularized trachea matrices. Flow cytometry results of the hADMSC before seeding (A). Immunolabeling with CD90 (green) of
hADMSCs seed in the decellularized trachea matrix, the cells changed their morphology from rounded after one day (B), to elongated after seven days (C). After
15 days post-seeding, the production of SOX9 was founded as evidence of cell differentiation (D-E). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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supported by other studies that have proven the isolation of MSCs in
adipose tissue and other sources like smooth muscle [78]. Secondly, the
recellularized constructs maintained their respective phenotypic ex-
pression (CD90) after seven days of seeding (Fig. 6C). Furthermore, the
cells showed a change in their morphology from rounded to elongate
after 24 h and seven days post-seeding, respectively (Fig. 6B–C). This
morphology suggests that the biomaterial provides excellent signals of
attachment to the cells. And this is evidence of the cytocompatibility
and functional capability of scaffolding properties of the tissue-en-
gineered trachea.

A successfully decellularized scaffold must retain the inductive
capabilities of the ECM [22,24]. After 15 days post-seeding process, we
found the first evidence of cell differentiation to chondrocytes expres-
sing SOX9 (Fig. 6D–F). This protein plays an essential role in the cell
differentiation addressed to chondrocytes [79,80], this result suggests
that the decellularization protocol was not only effective but also retain
the inductive properties of the ECM. Hence, the development of a
bioscaffold using decellularized trachea ECM will provide a better
clinical translation opportunity for tracheal organ engineering and re-
generative medicine applications.

5. Conclusions

This report presents our approach toward successful fast decel-
lularization and 3D reconstruction of long segment trachea. Thorough
characterization revealed that the decellularized trachea retained its
native 3D architecture with essential ECM compositions and properties;
the process was successful in providing a fast decellularization protocol
with a non-immunogenic xenograft. The preserved trachea ECM scaf-
fold was cytocompatible, supportive of cell seeding. Such native organ
derived scaffold is likely to have a significant impact in trachea organ
engineering, by providing a niche microenvironment for stem cells.

This study showed that under specific conditions the use of Trypsin,
Guanidine hydrochloride and ultrasound as principal decellularization
agents can allow for a fast and complete cyclical tracheal decellular-
ization. These results may aid in the development of a fast working and
effective trachea replacement method. The findings of this study are
limited to the effect of the protocol used. Furthermore, the first-stage of
cell differentiation results is a starting point and should be verified with
other methodologies at subsequent seeding days.
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