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ABSTRACT
Decellularized extracellular matrix (ECM) has frequently been applied as a biomaterial for tissue 
engineering purposes. When implanted, their role can be essential for partial trachea replacement 
in patients that require a viable transplant solution. Acellular canine tracheal scaffolds with 
preserved ECM structure, flexibility, and proteins were obtained by high pressure vacuum decel-
lularization. Here, we aimed to evaluate the cell adhesion and proliferation of canine tracheal 
epithelial cells (EpC) and canine yolk sac endothelial progenitor cells (YS) cultivated on canine 
decellularized tracheal scaffolds and test the in vivo biocompatibility of these recellularized 
scaffolds implanted in BALB-c nude mice. In order to evaluate the recellularization efficiency, 
scaffolds were evaluated by scanning electron microscopy (SEM), immunofluorescence, DNA 
quantification, mycoplasma test, and in vivo biocompatibility. The scaffolds sterility was con-
firmed, and EpC and YS cells were cultured by 7 and 14 days. We demonstrated by SEM, 
immunofluorescence, and genomic DNA analyzes cell adhesion to tracheal ECM. Then, recellular-
ized scaffolds were in vivo subcutaneously implanted in mice and after 45 days, the fragments 
were collected and analyzed by Hematoxylin-Eosin and Gömori Trichrome staining and PCNA, 
CD4, CD8, and CD68 immunohistochemistry. In vivo results confirmed that the implanted tissue 
remains preserved and proliferative, and no fibrotic tissue process was observed in animals. 
Finally, our results showed the recellularization success due the preserved ECM proteins, and 
that these may be suitable to future preclinical studies applications for partial trachea replace-
ment in tissue engineering.
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1. Introduction

Tissue engineering techniques have been achieve 
great potential in the tissues and organs functional 
restoration and, therefore, can provide as 
a promising approach in tracheal reconstruction 
and other tissues [1,2]. However, in cases of tra-
cheal dysfunction, such as the case of patients with 
long-segment abnormalities, tracheal stenosis or 
collapse, it is considered to be one of the most 
challenging for investigation. Additionally, one of 
the restrictions is the maximum resection length 
for replacement up to 6 cm [3]. Although tracheal 
transplantation is possible, its clinical applications 
are limited due to the need for an immune sup-
pression lifelong use. Furthermore, the respiratory 
and secretory function of the trachea, together 

with its segmental blood supply, hinders the 
regeneration of this organ [4].

However, the option of the ideal scaffold in which 
the cells will be seeded is as important as the source 
of stem cells in tissue engineering [5–7]. The airways 
repair clearly define that the repair of the using 
artificial prostheses is extremely difficult, since for 
the repair it is essential to mediate the physiology of 
tracheal movement (breathing, swallowing, and 
coughing), additionally to the external environmen-
tal conditions that can interfere with bacterial con-
tamination preventing local healing and its optimal 
functioning after transplantation [8,9]. Furthermore, 
an ideal tracheal scaffold should exhibit a tubular 
shape similar to the natural trachea, porosity for 
cell growth, and biocompatibility [10].
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Currently, the use of decellularized scaffolds for 
cell repopulation is a promising tool in tracheal 
tissue engineering aiming at its replacement 
[7,9,11–14]. The use of decellularized scaffolds 
reveals that it is possible to have a non- 
immunogenic ECM, which would not cause rejec-
tion problems. Also, these matrices provide 
a flexible three-dimensional structure, and ECM 
properties that helps in cell migration, differentia-
tion, and migration [11].

Recently studies demonstrate the decellularized 
tracheal scaffolds efficiency in anchoring different 
cell lines in the recellularization process with tra-
cheal cells [15,16], human embryonic kidney cells 
[17] and mouse-induced stem cells (iPS) [18]. 
Nevertheless, factors such as tissue cells and vas-
cular cells in the recellularization of tracheal scaf-
folds must be considered for ideal tissue 
functionality [4,19].

Therefore, we herein intended to evaluate the 
cell adhesion and proliferation of EpC and YS cells 
cultivated on canine decellularized tracheal scaf-
folds targeting verify if these cell types are able to 
adhere on decellularized tracheal scaffolds, 
hypothesized that these recellularized scaffolds 
could be applied for future applications for partial 
replacement of the trachea and test the immune 
response in vivo of these recellularized scaffolds 
implanted in BALB-c nude mice.

2. Material and methods

2.1. Trachea decellularization validation

Briefly, the tracheal segments (n = 24 rings) were 
thrice washed with 1% ethylenediamine tetraacetic 
acid (EDTA) solution (#197072, Synth) 5 minutes 
each to blood removal. Then, the canine trachea 
segments were washed thrice in phosphate-saline 
buffer ([PBS] 136.9 mM NaCl, 26, 8 mM KCl, 
14.7 mM KH2PO4 and 8 mM Na2HPO4, pH 7.2, 
LGC Bio) under stirring (60 rpm) at room tem-
perature for 15 minutes each to removal of con-
taminants from tissue. After, they were immersed 
for 8 days (changed twice daily) in 4% sodium 
dodecyl sulfate ([SDS] – LGC Biotechnology, 
#13-1313-01) under orbital agitation (60 rpm) at 
room temperature to remove the cells. Following, 
trachea scaffolds were 2-days extra stored in high 

pressure vacuum chamber (<1000 Pa) for 2 hours 
each immersed in 4% SDS for complete cell 
removing. Finally, were washed in PBS for 
1 hour. All solutions were supplemented with 
0.5% antibiotic (ATB) Penicillin/Streptomycin 
(LGC Biotechnology, #BR30110-01) to sterilize 
the scaffolds. Next, decellularized samples from 
canine trachea were genomic DNA quantified, 
PFA fixed and stained by Hematoxylin-Eosin 
(H&E), Alcian Blue (EasyPath, HistoKit) and 
4,6-diamidino-2-phenylindole fluorescence 
(DAPi) as described by [20].

2.2. Canine tracheal epithelial cells (EpC) 
isolation/yolk sac endothelial progenitor cell 
culture (YS)

Two fresh tracheas were used for cell isolation. 
Samples were washed with 1X PBS + 0.5% ATB 
and transferred to a petri dish for tissue digestion 
(collagenase, Type I, 1 mg/m, #17018029, 
ThermoFisher) for 1 hour and a half at 37°C. 
Following, they were centrifuged (1200 rpm, clin-
ical centrifuge) and culture medium (α-MEM, 
LGC Biotechnology) was added, supplemented 
with 10% fetal bovine serum (FBS) and 1% ATB, 
and incubated at 37°C in a humid atmosphere. YS 
cells were previously described by the group 
[21,22]. Both lineage were cultured in 35 mm 
(Corning) petri dish with α-MEM medium at 
same conditions as above mentioned. At 80% con-
fluence, cells were trypsinized (0,25%, LGC Bio) 
for subsequent freezing in complete medium (FBS) 
containing dimethylsulfoxide (10% DMSO, 
(CH₃)₂SO, LGC Bio) and preserved in liquid nitro-
gen (NL2).

2.3. Canine tracheal epithelial cells (EpC) 
immunofluorescence/recellularized scaffolds 
validation

EpC cells were viable after unfreezing and were 
seeded on coverslips in a 24-well plate (5 × 104 

cells) for 7 days. Cells were PFA (Synth) fixed for 
20 minutes. Coverslips were washed in PBS 1% + 
0.5% Tween-20 (Synth) solution and incubated 
with primary antibodies diluted in 2% PBS + 
BSA: E-Cadherin (24E10, Cell Signaling, 1:200), 
N-Cadherin (13A9, Cell Signaling, 1:200), 
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Vimentin (GTX35160, GeneTex, 1:100), 
Cytokeratin 18 (RGE53, Novus, 1:200), β2 
Tubulin (sc-47751, Santa Cruz Biotechnology, 
1:200), VEGF (ac12013315, Bioss), CD44 
(#GTX80086,Genetex,1:100), TGF-β (#SC-146, 
Santa Cruz Biotechnology, 1:100), CD31 
(#ab32457, Abcam, 1;100), PCNA (ma5-11358, 
Invitrogen, 1:100) and hyaluronic acid (#c41975, 
LS Bio, 1:100) for 1 hour at 37°C. Then, 
Alexafluor 488/594 secondary antibodies 
(#A30008/#A-11094, Thermo Fisher) were added 
at concentration 1:200 for 1 hour at 4°C. 
Recellularized scaffolds and the coverslips were 
carefully washed, followed by DAPi (Sigma- 
Aldrich) incubation for 10 minutes for nuclei 
stain. The samples were analyzed in Confocal 
Microscope – Olympus Fluo View 1000 (CADI- 
FMVZ).

2.4. Canine trachea scaffolds recellularization/ 
DNA quantification

Decellularized canine trachea scaffolds fragments 
(5 × 5 mm) were cultured for recellularization with 
a quantity of 5 × 104 EpC and YS cells for 7 days 
and 14 days in static cell culture. Cells lineages 
were seeded in non-adherent plates (Sarstedt), 
and the amount of genomic DNA of recellularized 
scaffolds was carried out. Briefly, gDNA was iso-
lated from 50 mg dry tracheal scaffolds fragments 
(control, decellularized, or recellularized) using 
IllustraTM Tissue and Cells Genomic Prep Mini 
Spin Kit (GE Healthcare), according to the proto-
col established by the group [22]. Samples were 
digested with Proteinase K and lysis buffer at 56°C 
for 2 h. They were analyzed in 
a spectrophotometer at 260 nm (Nanodrop; 
Thermo). The data was presented as gDNA total 
(ng)/tissue (mg). To verify the ECM architecture 
and cell adhesion, scanning electron microscopy 
(SEM) analysis was performed as described 
by [23].

2.5. Statistical analysis

One-way ANOVA followed by Dunnett’s multiple 
comparisons test was performed using GraphPad 
Prism version 8.0.0 for Windows, GraphPad 

Software, San Diego, California USA, www.graph 
pad.com”. A p-value less than 0.05 was considered 
statistically significant.

2.6. PCR test for mycoplasma detection

Eleven species of Mycoplasma (M.fermentans, M. 
hyorhinis, M. arginini, M. orale, M. salivarium, M. 
hominis, M. pulmonis, M. arthritidis, M. neurolyticum, 
M. hyopneumoniae, M. capricolum) and one of 
Ureaplasma was carry out in order to detect potential 
presence of contamination in the decellularized 
canine trachea scaffolds and recellularized scaffold 
with EpC and YS cells. Adapted from [24] using the 
polymerase chain reaction (PCR) technique (step 
PCR1), followed by the Nested-PCR technique 
(PCR2) and analysis of the DNA fragments on agar-
ose gel stained with ethidium bromide

2.7. In vivo biocompatibility test of canine 
tracheal scaffolds

Six male BALB-c nude mice (4–6 weeks) were 
acquired from the Central Animal Facility of the 
Faculty of Medicine of the University of São Paulo 
(FMUSP) and kept in the Animal Reproduction 
Department from FMVZ-USP. Decellularized and 
recellularized tracheal scaffolds (5 × 5 mm) were 
individually implanted subcutaneously into the 
right and left medial dorsal thoracic region (1 cm 
incision). Two animals were subjected to experi-
mental group analysis: Control group: Right 
side – decellularized scaffold; Left side – sham, 
only incision (without biomaterial); 
Recellularized scaffolds group (7 days): Right 
side – scaffold with EpC cells; Left side – scaffold 
with YS cells; Recellularized scaffolds group 
(14 days): Right side – scaffold with EpC cells; 
Left side – scaffold with YS cells. Then, animals 
were submitted to anesthetic induction, placed 
individually inside an induction chamber, which 
received isoflurane as an inhaled anesthetic agent 
at the appropriate concentration with oxygen gas: 
Induction Phase 3–4% isoflurane; Maintenance 
Phase 1–2%. Anesthesia lasted about 5–10 minutes; 
time required for scaffolds implantation on both 
animals sides. Finally, the animal received pure 
oxygen for approximately 5 minutes to avoid 
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hypoxia. No immunosuppressive medication was 
administered during the experiment. After implant 
scaffolds surgery, analgesia was performed using 
the opioid Tramadol at a dose of 20 mg/Kg (IM) 
diluted 2.5 times in ringer lactate, and the animal 
did not present pain (12 to 24 hours) after surgery. 
The animals were placed in numbered cages (1 
animal/cage) containing sterile wood shavings, 
environmental enrichment, in appropriate rooms 
with controlled temperature between 20°C and 
22°C, with a 12-hour light/dark cycle. The experi-
ment lasted 45 days. After this period, the animal 
was euthanized using an anesthetic overdose of 
Xylazine 30 mg/Kg (I.P) and Ketamine 300 mg/ 
Kg (I.P). Euthanasia was checked due to the 
absence of heart and respiratory rate. The 
implanted scaffolds regions were photodocumen-
ted and collected, Tissue-Tek OCT included 
(#4583-1, Sakura – Torrance, USA) and kept in 
a freezer at −80°C for 10 minutes. Subsequently, 
the materials were sectioned (10 µm) in a cryostat 
(Leica CM1520®), adhered to silanized starfrost 
sheets (Knittel Glass), and submitted to histologi-
cal stains (H&E, Gömori Trichrome and 
immunohistochemistry).

2.8. In vivo immunohistochemistry validation

In vivo implanted samples in the subcutaneous 
tissue of mice were collected and analyzed by 
immunohistochemistry using the Dako 
EnVisionTM FLEX Detection System, High pH 
Link (#K8000) according to the manufacturer’s 
instructions. The slides were washed in a buffer 
solution and the sections surrounded with 
a hydrophobic pen. For ECM analysis, the primary 
antibodies diluted in PBS + 2% bovine serum 
albumin (BSA, #A1310-05, LGC Biotechnology) 
were used: PCNA (ma5-11358, Invitrogen, 1:100), 
CD68 (ab9555, abcam, 1:200), CD4 (PA0427, 
Leica, 1:200), CD8 (PA0183, Leica, 1:200). 
Following incubation time, the slides were washed, 
and HRP solution were incubated for 30 minutes 
in a humid chamber. Subsequently, the sections 
revels was performed using a reaction with diami-
nobenzidine (DAB, 30 μl per section: 1 ml of 
substrate + 1 drop of chromogen). Slides were 
counterstained with Harris Hematoxylin for 40 sec-
onds, washed with H2O distilled and rehydrated. 

The samples were photodocumented in a Nikon 
Eclipse 80i microscope.

3. Results

First, aiming to achieve our goals, canine tracheal 
scaffolds applied to the combined decellularization 
process was carried out by the detergent action 
SDS and high vacuum pressure showed reduced 
values of genomic DNA (13,5 ± 1,1ng/mg [SD]) 
when compared to the control tissue 
(115.38 ± 57,91ng/mg [SD]). Additionally, the 
scaffolds maintained a preserved native structure 
after the cell removal process. By H&E staining 
and DAPi fluorescence (Suppl Figure S1a-b; e-f), it 
was possible to verify the cell nuclei removal of 
tracheal cartilage regions. Furthermore, when ana-
lyzed by Alcian Blue staining (Suppl Figure S1(c– 
g)), it was observed that the main structuring 
proteins of the tracheal ECM, such as glycosami-
noglycans (GAGs) preserved after the decellular-
ization process. Additionally, by SEM, the 
ultrastructural analysis of the decellularized tra-
cheal ECM reveals the three-dimensional tissue 
structure preserved after cell removal process 
when compared to the control tissue (Suppl 
Figure S1(d–h)).

Morphologically, EpC cells presented an elon-
gated morphology, with regular cytoplasmic mem-
brane, small and circular nuclei (Suppl Figure S2 
(a)). Epithelial cells grow up progressively and 
were unchanged after trypsinization and cell freez-
ing. Cultured with decellularized scaffolds, they 
showed cell/ECM interaction, and in 14 days, the 
cells showed better proliferation when compared 
to the 7-day culture (Suppl Figure S2(b,c)). The 
morphology of YS cell was predominantly fibro-
blastoid with elongated, fusiform, and reduced 
cytoplasm (Suppl Figure S2(d)). These, when cul-
tivated with scaffolds for 7 and 14 days, showed an 
increase in cell proliferation (Suppl Figure S2(f)).

By EpC cells immunocytochemical characteriza-
tion, it was possible to verify the expression of 
epithelial markers that make up the intermediate 
filaments of respiratory tract ciliated cells: β- 
Tubulin (Suppl Figure S3(AI-AIII))) present in 
nuclei and intermediate filaments and CK18 and 
Phalloidin (Suppl Figure S3AI,BI-BIII/HI-HIII) in 
the cellular intermediate filament. E-Cadherin 
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positive expression (Suppl Figure S3(AI,CI-CIII)) 
and N-Cadherin (Suppl Figure S3AI,DI-DIII) in 
the intermediate filaments of epithelial cells can 
provide efficiency in mediating cell/cell adhesion. 
Immunofluorescence of the mesenchymal cell 
marker Vimentin (Suppl Figure S3(AI,EI-EIII)) in 
epithelial cells can confer the epithelial cells plas-
ticity for cell differentiation. Epithelial cells were 
positive for the VEGF marker (Suppl Figure S3 
(AI,GI-GIII)) that aid in cell migration, vasculogen-
esis, endothelial cell growth, and proliferative 
potential observed by positive PCNA marker 
immunofluorescence (Suppl Figure S3(AI,FI-FIII)).

Then, in order to prove the recellularization 
process efficiency, it was collected the α-MEM 
culture medium in contact with the decellularized 
scaffolds and compared with the control medium. 
All samples tested were negative for the 11 differ-
ent mycoplasma species and one of ureaplasma, as 
observed in the agarose gels (PCR 1 and 2), 
demonstrating effectiveness of decellularized scaf-
folds sterility in cell culture (Suppl. Figure S4). 

Next, recellularized scaffolds (7 and 14 days) 
were collected for immunofluorescence analysis 
(Figures 1 and 2), genomic DNA quantification 
and ultrastructural SEM analysis (Figure 3) aiming 
to verify the cell/ECM adhesion and proliferation 
at decellularized tracheal scaffolds.

It was demonstrated by immunofluorescence 
that the cell proliferation and adhesion of EpC 
and YS cells in both cultured period (7 and 
14 days). Our results demonstrated that the posi-
tive expression of hyaluronic acid (GAG) sup-
ported the interaction tracheal ECM and cells 
(Figures 1 and 2(A III,N III)). In recellularized 
scaffolds at 7 and 14 days with EpC and YS cells, 
we demonstrated the CD44 glycoprotein-positive 
expression on the cell surface, demonstrating cell– 
cell interactions, cell adhesion, and migration in 
the ECM (Figures 1 and 2(G II,N II)). The positive 
expression of VEGF in EpC cells adhered to scaf-
folds demonstrates that they possibly have the 
signaling ability to stimulate the formation of 
blood vessels (Figure 1(D II,K II)). Also, this can 

Figure 1. Recellularized canine trachea scaffolds immunofluorescence with EpC cells (7 and 14 days). In (AI – NI), DAPI immunostain-
ing (blue) for canine tracheal epithelial cell nuclei. In (AII – NII), immunostaining (green) for antibodies: β-Tubulin, CK18, E-Cadherin, 
N-Cadherin, PCNA, VEGF, CD44, respectively. In (AIII – NIII), hyaluronic acid immunostaining (red) for the canine trachea ECM. In (AIV- 
NIV), merged. Scale bar: 30 µm.
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be observed in recellularized scaffolds with YS 
cells; however, they also have the character of 
angiogenesis (Figure 2(D II,KII)). Proliferative cell 
nuclear antigen (PCNA) positive expression 

demonstrated the proliferative cells activity when 
associated with decellularized matrix (Figures 1 
and 2(EII,LII)), as well as the cell proliferation 
demonstrated by the transforming growth factor 

Figure 2. Recellularized canine trachea scaffolds immunofluorescence with YS cells (7 and 14 days). In (AI – NI), DAPI immunostain-
ing (blue) for canine yolk sac endothelial progenitor cell nuclei. In (AII – NII), immunostaining (green) for antibodies: vimentin, CD105, 
CD31, VEGF, PCNA, TGF-β and CD44, respectively. In (AIII – NIII), hyaluronic acid immunostaining (red) for the canine trachea ECM. In 
(AIV- NIV), merged. Scale bar: 30 µm.

Figure 3. Genomic DNA quantify and SEM of recellularized tracheal scaffolds (7 and 14 days) with EpC and YS cells. In (a-b) canine 
trachea recellularized with EpC (7 and 14 days of in vitro culture) respectively. In (c-d), canine trachea recellularized with YS (7 and 
14 days of in vitro culture). Observe the adhesion of cell types in the hyaline cartilage region of the trachea (star). Preserved organ 
structure, allowing cell/ECM interaction. In the perichondrium region (empty arrow), it is possible to have cells anchored in the 
collagen fibers of the tissue. (e) N = 3. Average ± DS. Anova ****p < 0,0001; ** p < 0,01. Scale bar: (A, B and D: 100 µm) (C: 30 µm).
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beta (TGF-β) expression in YS cells (Figure 2 
(FII,MII)). It was observed the positive expression 
of antibodies in the intermediate filaments of 
epithelial cells (β-Tubulin, CK18, E-Cadherin 
e N-Cadherin) in the 7- and 14-day recellularized 
scaffolds with EpC cells (Figure 1(AII-DII,HII-KII)), 
respectively. Vimentin immunoexpression in the 
intermediate filaments of YS cells (Figure 2 
(AII,HII)), as well as the CD105 positive expression 
that acts as a TGF receptor (Figure 2(B II,III)), and 
CD31 (Figure 2(CII,JII)) demonstrate that they 
induce cell activation and proliferation when 
adhered to tracheal ECM.

Recellularized scaffolds were ultrastructurally 
analyzed by SEM revealing the collagen fibers 
were preserved, allowing the EpC (Figure 3(a,b)) 
and YS (Figure 3(c,d)) cells to adhere to the con-
nective basal lamina and the hyaline cartilage 
region of the tracheal ECM at 7 and 14 days, 
additionally to cellular morphology preservation. 
Fairly, YS recellularized scaffolds demonstrated 
better adhesion in the cartilage regions, as well as 
in the collagen fibers present at the extremities of 
the perichondrium layer.

The genomic DNA quantifying from recellular-
ized canine tracheal scaffolds for 7 and 14 days 
(Figure 3(e)), it was demonstrating a significant 
increase of EpC and YS cells after recellularization 
period when compared to the values obtained 
from decellularized scaffolds (13.5ng/mg of 
gDNA). The 14 days decellularized scaffolds 
revealed a greater cell adhesion to tracheal ECM. 
Recellularized tracheas with EpC cells, for a period 
of 7 days, showed values of 51.46 ng/mg 
(sd = 10.80), while at 14 days in vitro, they showed 
genomic concentration of 165,9 ng/mg (sd = 7.82). 
On the other hand, recellularized tracheas with YS 
cells, showed values of 86.06 ng/mg (sd = 19.96) at 
7 days, while at 14 days in vitro, they showed 
a concentration of 99.51 ng/mg (sd = 5.5).

Followingthis , the recellularized scaffolds were 
tested by the in vivo biocompatibility test, and all 
animals survived the experimental period. 
Macroscopically, the implanted scaffolds persisted 
in the same location, with no noticeable shrinkage 
or structure and flexibility trachea changes. 
(Figures 4 I(a,f), 4 II(A I-B I,A II-B II), 4 III(A 
III-B III,AIV-BIV)). After 45 days of experimental, 
when euthanasia was performed. The scaffolds 

revealed normal characteristics of stiffness, reddish 
appearance, and adjacent vessels formation pre-
sence in the implant region, demonstrating that 
the tissue remained alive, without tissue necrosis 
appearance (Figures 4 I(e,j), 4 II(G I,H I,G II -H 
II), 4 III(GIII-HIII,GIV-HIV)).

The animals that received the 7-day recellular-
ized scaffolds with EpC and YS cells showed dis-
creet edema in the implanted region, with 
a subsequent decrease after the 15th day (Figure 
4 (II-DI,III-DIII)). Otherwise, the animals that 
received 14-day recellularized scaffolds with EpC 
and YS cells showed mild edema in the implant 
region, with no apparent tissue accumulation at 
the site. Still, no edema, inflammation, or fibrotic 
process were observed in the animals implanted 
with decellularized scaffolds and sham group 
(Figure 4 I(d,e,i)).

Cell presence of in the chondrocyte/chondro-
blast gaps of the decellularized trachea with both 
cell types was observed by the H&E and Gömori 
Trichrome staining analysis (Figure 5). 
Depositions of collagen fibers surrounding the 
xenogenic cartilage were observed in the 
implanted area (Figures 5 I(c-d) and II(b-f)). In 
contrast, no fibrotic tissue process was observed in 
animals. The implanted cartilage contour and 
volume were preserved, and no severe inflamma-
tory reactions were observed around the cartilage, 
and no chronic granulomatous inflammatory reac-
tion after 45 days. By histological analysis, it was 
demonstrated focal regions of discrete inflamma-
tory response in animals that received decellular-
ized and recellularized scaffolds with both cell 
types for 7 days and 14 days (Figure 5 I(b,d-f)).

Aiming to demonstrate the immune response 
and residual proliferation of the decellularized 
and recellularized scaffold implanted in the ani-
mals, we performed immunohistochemistry for 
PCNA, CD4, CD8, CD68. Proliferating cells 
(PCNA+) were observed adjacent to the scaffolds 
implantation site, as well as in the implanted 
trachea scaffold (Figure 6 I(a-f)). In comparison, 
the glycoproteins (CD4 and CD8) which play an 
essential role in the lymphocyte immune 
response, and as an MHC complex co-receptor 
(class type I and II), demonstrated a slight cellu-
lar infiltration expression of the adjacent 
implants regions (Figures 6 II and III(a-f)), as 
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well as labeling in specific regions for CD68 in 
cell–ECM interactions, demonstrating macro-
phage activity in the analyzed tissues (Figure 6 
IV(a-f)).

4. Discussion

Precursor studies conducted by KOJIMA et al., 
(2004) [25] targeting partial autologous 

transplantation of sheep tracheas demonstrated 
a survival rate of only 2–7 days after implanta-
tion, resulting from tracheomalacia and stenosis. 
Alternatively, synthetic tracheal prostheses cov-
ered by omental pedicle were transplanted in 20 
dogs, and 13 animals died after 11 days of the 
procedure [26].

In this context, in order to advance efforts for 
partial trachea replacement, in this manuscript we 

Figure 4. In vivo biocompatibility test of tracheal scaffolds implanted in the subcutaneous tissue of balb-C nude mice. I. In (a) 
surgical incision (1 cm) in the control animal of the sham group (without scaffold) and implantation of the decellularized scaffold 
(circle) in the control animal (f). In (b-c, g-h), post-surgical animals monitoring. In (d, i) no macroscopic changes observed in the 
regions. In (e) skin fragment, interne face, epidermis with a slightly translucent aspect, with a slightly elevated focal area with slightly 
reddish. In (j) Presence of decellularized scaffold adhered to the dermis, with an elevated surface, surrounded by discrete adjacent 
connective tissue, and presence of vessels in adjacent tissue. II and III. In (AI, AI, AIII, AIV I) surgical incision (1 cm) in the animals 
implantation of scaffolds recellularized from 7 and 14 days with EpC (circle) and YS cells, respectively. In (BI-EI, BII-EII, BIII-EIII, BI-EIV), 
post-surgical animals monitoring. In (CI and DI, CII and DII, CIII and DIII, CIV and DIV) observe discrete edema in the implant region 
(arrow). In (EI, EII,EIII, EIV) implant region with reduced edema. In (GI,GII,GIII,GIV) Flat skin, inner surface, deep dermis with moderately 
translucent appearance. Presence of recellularized scaffold adhered to the dermis, with an elevated surface, surrounded by reddish 
colored adjacent tissue, with a soft consistency and presence of vessels in adjacent tissue. (HI, HII, HIII,HIV) Skin with recellularized 
scaffold fragment adhered to the dermis (circle), with an elevated surface, surrounded by a discrete layer of connective tissue. 
Presence of vessels in adjacent tissue, slightly reddish. Scale bar: 1 cm.
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Figure 5. Histopathological analysis of decellularized and recellularized tracheal scaffolds (EpC/YS) implanted in the subcutaneous tissue of 
balb-C nude mice. I. H&E staining. In (a) Skin fragment: intact keratinized stratified squamous epithelium (eq), loose organized connective 
tissue (cf), sweat glands attached to the hair follicle (g), dense unmodeled connective tissue (td) and muscle tissue (tm). In (b-e) Deep dermis: 
area with the presence of implanted tracheal tissue (t), hyaline cartilage tissue, showing nucleated chondrocytes and formation of isogeny 
groups (gi) associated with ECM. Adjacent to this tissue, it is possible to observe a dense unmodeled connective tissue (td) associated with 
a discrete inflammatory infiltrate (i). Discrete presence of collagen fiber deposition surrounding the implanted tissue (c). In (f) Epidermis: intact 
keratinized stratified squamous epithelium (eq), dense unmodeled connective tissue (td). Deep dermis with an area showing a fragment of 
implanted tracheal tissue [hyaline cartilage] (t), chondrocytes and discrete formation of isogenous groups (gi). Adjacent to this tissue, it is 
possible to observe a dense unmodeled connective tissue (td) associated with a discrete mononuclear inflammatory infiltrate (i). Scale bar: (a-b; 
d-f: 100 µm, 10x/C: 500 µm, 20x). II. Gömori Trichrome stain. In (b) Area with the presence of implanted tracheal tissue (t), hyaline cartilage 
tissue, showing nucleated chondrocytes and formation of isogenous groups (gi) trapped by an extracellular matrix. Adjacent to this tissue it is 
possible to observe a dense unmodeled connective tissue (td). Discrete presence of collagen fiber deposition surrounding the implanted tissue 
(c). In (C) Deep dermis: area with the presence of implanted tracheal tissue (t) and region with mild edema (e). Adjacent to this tissue it is 
possible to observe a dense unmodeled connective tissue (td). Moderate presence of collagen fiber deposition surrounding the implanted 
tissue (c) and lymphoplasmacytic inflammatory infiltrate (i). In (DF) Area with presence of implanted tracheal tissue (t), hyaline cartilage tissue, 
presence of chondrocytes, highlighting the chondrocyte nucleus, emphasizing successful recellularization (arrow), in (e) discrete edema area 
(and) and in (f) presence of chondrocytes with visible nuclei and formation of isogeny groups (gi). Adjacent to this tissue, it is possible to 
observe a dense unmodeled connective tissue (td), deposition of collagen fibers surrounding the implanted tissue (c). Scale bar: (a- f: 100 µm, 
10x).
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aim to use different cell types for cell adhesion, 
proliferation, and migration in the decellularized 
ECM of the trachea. Although decellularized tra-
cheal scaffolds can be applied in tissue engineering 
for allogeneic or xenogenic transplants, the ree-
pithelialization process is necessary so that the 
combined treatment with immunosuppressants 
can give the patient longevity. Regarding this, the 
cell application is essential for long-term tissue 
outlast [5,14].

To achieve the partial reconstruction of the 
trachea, additionally to flexibility, the tissue 
requires a layer of epithelial cells lined with vas-
cular tissue to mechanical traction and tube func-
tionality of the in the physiological process of the 
organ and prevent tissue collapse [4,11,27]. Airway 
epithelial cells consist of a layer of pseudostratified 
cells that plays a central role in protecting the 
respiratory tract as a mechanical and immunolo-
gical barrier [28]. Although such cells are implan-
tation sources, tracheal cartilage can be 

recellularized with vascular progenitor cells and 
bone marrow mesenchymal cells, adipose tissue; 
however, there is no source of gold standard 
cells [29].

Our results demonstrate that it is possible to 
achieve decellularized canine tracheas with an 
optimized protocol, with tissue structures pre-
served, as well as the ECM proteins, crucial for 
the recellularization process. Moreover, canine 
decellularized trachea scaffolds achieve all the 
stringent requirements set forth in the literature 
that define how a decellularized scaffold should 
present itself [30]. Additionally, we isolated canine 
tracheal epithelial cells for cell culture with decel-
lularized scaffolds. Associated with α-MEM cul-
ture medium, we supplemented with fetal bovine 
serum, which leads to better growth of tracheal 
epithelial cells [4,31,32].

In the present manuscript, the cells character-
ized by positive fluorescence for the markers sug-
gest that we obtained an original cell population of 

Figure 6. Immunohistochemical analysis of decellularized and recellularized tracheal scaffolds (EpC/YS) implanted in the subcuta-
neous tissue of balb-C nude mice. I. Proliferating cell nuclear antigen (PCNA). Observe proliferative activity in areas adjacent to the 
implant (arrows), demonstrating a positive interaction of scaffolds in the biocompatibility test. II. CD8. In (a, c and d) Note discrete 
positive marking for the presence of lymphocytes in areas adjacent to the implant (arrows), In (b, e and f) more intense marking for 
CD8 T cells, demonstrating an active role in the healing process of the implanted scaffolds in the biocompatibility test. III. CD4. 
Observe discrete positive marking for the presence of lymphocytes in areas adjacent to the implant (arrows), demonstrating an 
active role in the healing process of the implanted scaffolds in the biocompatibility test. IV. CD68. Observe more intense positive 
staining in control tissues (b), and in scaffolds recellularized at 14 days (d, f), respectively, demonstrating the presence of 
macrophages in areas adjacent to the implant (arrows), proving to be crucial to promote a remodeling response constructive use 
of the ECM. Scale Bar: (A-F: 100 µm, 10x).
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epithelial cells derived from the canine trachea. 
Cell growth maintained its respective expression 
of epithelial marker (CK18) after seven days of 
culture. Furthermore, the cells showed 
a morphology changed after 24 hours and seven 
days, respectively. Our results corroborate those 
observed by [33]. The authors reveals that rat 
tracheal epithelial cells have positive expression 
of the CK18 marker, marking the intermediate 
filament of epithelial cells, as observed in our 
results. Additionally, the authors demonstrate 
VEGF positive expression when cultured in vitro, 
the same observed in EpC cells when recellularized 
with tracheal scaffolds.

Canine yolk sac cells, previously characterized 
[21], demonstrated proliferative and adhesive 
capacity when cultured for 7 and 14 days with 
tracheal scaffolds. The results obtained in our ana-
lyzes support the hypothesis that such cells are 
capable of being used in tissue engineering [22]. 
The growth factor VEGF is a multifunctional cyto-
kine expressed in vascular cells, considered an 
important angiogenic mediator for cell differentia-
tion and proliferation. In vitro, VEGF is able to 
promote the growth of vascular endothelial cells. 
In addition, both in vitro and in vivo, VEGF is also 
a survival factor for the respiratory tract endothe-
lium, correlating epithelial/endothelial cells to 
induction of angiogenesis [34–36]. Studies con-
ducted by [37] demonstrate VEGF high expression 
in granulation tissues when tracheal replacements 
are performed in children, demonstrating that the 
tissue cells themselves secrete the factor.

The epithelial cells proliferation and differentiation 
are one of the main characteristics of airway cells, as 
well as their ability to self-renew. Through the CK18 
and β-Tubulin expression in the cytoskeleton (inter-
mediate filaments) of epithelial cells, we demonstrate 
their differentiation ability. The immunolocalization 
of these markers was also observed in canine epithelial 
cells as cited by the authors [28,38,39] in mouse tra-
cheal epithelial cells. These also expressed the trans-
membrane protein E-cadherin and N-cadherin, which 
interact through molecular bonds with catenins in 
cell-cell/cell-matrix adhesion [40]. The EpC cells cul-
ture and immunofluorescence characterization in this 
study can be associated with the results as already 
established for primary human airway epithelial cells 
[41,42] and mouse tracheal epithelial cells [28,43] that 

aim to investigate its role in the repair of respiratory 
diseases.

As observed by cells immunofluorescence 
attached to tracheal scaffolds, we identified by 
SEM that cells formed cell clusters in the tracheal 
tissue layers both in 7 days and 14 days. Our 
results are similar to the findings of ZANG et al., 
(2013) [11] which demonstrated that epithelial 
cells isolated from the rats trachea were susceptible 
to cell adhesion and growth in tracheal scaffolds 
by recellularization assay, and by [44] which 
demonstrated that epithelial and endothelial cells 
promote the re-epithelialization of the trachea 
when both cells were present, promoting the 
improvement of the lesion and maintaining 
vascularization.

Furthermore, recellularized scaffolds with EpC 
and YS cells demonstrated a proliferation when 
quantified by genomic DNA, as observed by the 
presence of cells, when compared to the results of 
decellularized samples [30]. Such results suggest 
the recellularization protocol success. In cases of 
short tracheal grafts (less than 5 cm), endothelial 
progenitor cells can grow inside the trachea to 
form blood vessels in order to keep the tissue 
active, since the low cell survival after implantation 
in vivo can generate tissue problems due to late 
neovascularization, as also noted by [29]. Also, the 
cell/ECM interaction may demonstrate prolifera-
tive action, since EpC cells modulate tissue com-
position, and associated with endothelial cells, 
such as YS, may promote airway vascular repair, 
as observed in studies conducted by [44–46]. In 
vitro analysis has shown satisfactory results to 
assess the performance of scaffolds, and in vivo 
implantation is often necessary.

Through the biocompatibility test, we aimed to 
evaluate the in vivo response of decellularized and 
recellularized tracheal fragments. Following, the 
main goal was to implant the scaffolds in mice to 
verify the immune response and whether they are 
reproducible for future preclinical trials. The results 
observed in the analyzes of the immune response 
and physiological behavior of our scaffolds support 
the success of the implantation, as observed in stu-
dies conducted by [16] that use decellularized tra-
cheas for mice implantation. They demonstrated 
that the immune response was absent when cellular 
elements were removed from the ECM.
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Further to these factors, our results demon-
strated that cells associated with scaffolds can 
show a discrete inflammatory immune response 
when 7-days recellularized in vitro. In comparison, 
scaffolds recellularized for 14 days had a lower 
inflammatory response when applied in vivo. 
This could be associated due to the immune 
response action to the implanted scaffold, which 
can persist during the initial remodeling process 
and for several months after implantation [47,48]. 
Furthermore, the presence of macrophages is 
essential for promoting a constructive remodeling 
response, which can trigger an ‘adequate’ response 
in the tissue healing period, in addition to promot-
ing a change in pro-inflammatory macrophages 
immediately after implantation for a population 
enriched in M2 macrophages (anti-inflammatory 
and pro-cure) for 7–14 days after implantation 
[48–51]. Besides in fact that our scaffolds in vivo 
implanted present discrete expression for macro-
phage markers: CD4, CD8 and CD68, and demon-
strate that the tissue remained proliferative by the 
PCNA expression, as observed in precursor tissue 
implantation studies [1,52,53].

Finally, our initial reports demonstrate that 
recellularized scaffolds had cells adhered to ECM 
due to the preserved proteins after cell removing, 
maintaining their ability to adhere, proliferate, and 
differentiate adequately. Furthermore, our experi-
ments proved to be reproducible; however, addi-
tional studies in large preclinical models are 
needed to validate the step before partial trans-
plantation. The first step was taken.

5. Conclusion

Comparatively, natural EpC cells from the canine 
trachea showed greater adhesion and proliferation 
in decellularized scaffolds, demonstrating their abil-
ity to re-epithelialize the scaffold, which can provide 
functionality to the organ. On the other hand, YS 
cells demonstrated proliferative capacity and may be 
closely linked to the maintenance of tissue vascular-
ization, preventing necrosis when used for clinical 
trials. Additionally, our scaffold has demonstrated 
the ability to remain active when implanted in vivo. 
With further enhancement, our approaches may be 
advantageous over conventional forms of 

recellularization and possible partial trachea replace-
ment in tissue bioengineering applications.
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