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1. ABSTRACT
In clinical practice, tracheal injuries are primarily handled through resection and tensionless 
end-to-end anastomosis (TRA). However, this approach is not feasible in case of lesions 
exceeding the 50% or the 30% of the trachea length, in adults and in children, respectively. 
Currently, in such conditions, long-term airway stenting is the only established option; 
however, it may be responsible of  some complications boosting research on the 
identification of valuable tracheal substitutes able to overcome the TRA limitations. In this 
scenario, the study presented in this thesis work deals with the development and 
comparison between two promising tracheal substitutes consisting in cryopreserved and 
decellularized tracheal grafts. Specifically, pig-derived grafts were processed through 
cryopreservation and decellularization and then analyzed for their DNA and xenoantigen 
content, extracellular matrix (ECM) features, ultrastructure and mechanical behaviour. 
Moreover,  in vitro cytotoxicity and in vivo biocompatibility evaluations were performed 
to verify the grafts’ safety effects on cells and to ensure their compatible integration with 
host tissues. Evidence provided by the experimental data showed that both strategies allow 
an effective reduction of graft immunogenicity, especially with the decellularization 
approach. The cryopreserved samples displayed minimal changes in their microscopic 
structure, include a reduced number of cilia in the respiratory epithelium and less dense 
mucosa and submucosa; in contrast, decellularization partly altered the tracheal segments 
by removing cellular elements while  leaving behind a disorganized connective tissue. 
Considering the ECM components, the collagen content was preserved, while the 
decellularized graft was depleted of glycosaminoglycans (GAGs), consistent with its 
change in mechanical proprieties. The grafts both guarantee cytotoxicity absence, as also 
proved by biocompatibility assay in vivo. These substitutes are both worthy options, but 
more in vivo studies are required to validate them. 
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2. STATE OF ART
2.1 Anatomy of trachea 
The trachea is a tube-shaped organ that belongs to the respiratory system. It is located 
between the larynx and the bronchi and extends from the cervical vertebra C6 to the 
thoracic vertebra T4, measuring 10-13 cm in adults. Most of the trachea lies within the 
thoracic inlet and the chest.
The trachea comprises 16-20 incomplete rings of hyaline cartilage that run forward and 
sideways, interconnected by the intercartilaginous membrane. The purpose of these rings 
is to add stiffness to the tracheal wall and prevent it from collapsing. The trachealis smooth 
muscle forms the posterior edge and regulates the organ's diameter through the contraction. 
For this organization, it is characterized by a typical D-shaped cross-section structure. 
The luminal side is lined with ciliated pseudostratified columnar cells and goblet cells. The 
secretory cells produce mucus that contains IgA, lysozymes, lactoferrin and peroxidases, 
and it is fundamental to trap foreign agents, which are then expelled by the upward 
movement of the cilia. In addition to mucociliary clearance, trachea protects the respiratory 
tract by humifying and heating inhaled gas. Below the mucosa lies the submucosa, which 
is primarily composed of connective tissue. Additionally, it contains neurons, blood vessels, 
and glands. The glands release mucus which is added to that produced by the goblet cells. 
The arteries, that supply the trachea, insert laterally into the organ. In the cervical part of 
the trachea (C6-C7), blood is provided by the branches of the inferior thyroid arteries, while 
at the thoracic level (T1-T4), vascularization occurs through the branches of the bronchial 
arteries. At the level of the intercartilaginous membrane, the arteries branch out posteriorly 
and anteriorly, surrounding the trachea. Additionally, branches occur above and anteriorly 
to allow anastomosis with the other arteries.  [1]

2.2  Long-segment tracheal lesions
Various lesions can develop in the trachea and are divided between those congenital and 
those acquired. Congenital lesions are often associated with underlying genetic mutations 
or syndrome such as tracheomalacia, tracheoesophageal fistula, and complete tracheal 
rings. On the other hand, acquired lesions can affect patients of all ages and are caused by 
factors like iatrogenic causes, blunt and penetrating trauma, neoplasms (both benign and 
malignant), inflammatory conditions, and inhalation injuries. Such lesions impair air flow, 
especially in the pediatric population where the tracheal diameter does not reach 1 cm up 
to eight years of age. Therefore, early recognition and proper management of injuries are 
crucial, as many can be life-threatening. In clinical practice, resection and tensionless end-
to-end anastomosis (TRA) represent the treatment of choice but it is not a viable option if 
the damage exceeds 50% of the trachea length in adults or 30% in children. [2 e 3]

2.1.1. Current repair options in surgical practice
Within the severe circumstances described above, the only established option is long-term 
airway stenting. Airway stents have been adopted to manage tracheobronchial pathologies 
since the second half of the 20th century. Currently, many different stents are available with 
specific materials and designs: silicone and metal stents are the most widely used. Silicone 
stents are affordable and straightforward to manage; the most commonly used ones are the 
Dumon and Hood stents. Meanwhile, metal stents can be easily inserted through flexible 
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bronchoscopy with fluoroscopic guidance. Although they can provide timely relief to 
patients, there are also potential issues that come with this treatment method. Examples of 
complications include infection, migration of the device, mucous plugging or granulation 
tissue formation. Currently, researchers are working to enhance biodegradable stents 
development, up to a progressive customization of the devices also recurring to 3D printing 
technology. [4] 

2.1.2 New perspectives in tracheal substitutes
To date, a significant amount of research is conducted on tracheal replacement by the 
adoption of airway substitutes. However, meeting all the necessary requirements makes it 
difficult to create an optimal substitute. In fact, an ideal substitute is expected to show 
lateral rigidity and longitudinal flexibility while being biocompatible with surrounding 
tissues. Additionally, it should have an airtight lumen coated with a ciliate epithelium. The 
development and insertion process should be simple and reproducible without requiring 
prolonged immunosuppression therapy for the patient. In clinical practice, various 
techniques have been employed over the years but to date none of them has yet become an 
established therapy option. 
Several synthetic prostheses have been developed, despite a higher risk of granulation, 
infection and potential harm to nearby organs were possibly associated with them. Briefly, 
prostheses come in two types: solid and porous; these latter are considered to be more 
biocompatible compared to their solid counterparts because their structural porosity allows 
for connective tissue to grow into, while encouraging the migration of the tracheal 
epithelium. 
Complex tubular grafts, also using autologous tissues, have been attempted too. In 
particular, fasci-cutaneous flaps have been combined with a rigid structure to reproduce the 
tracheal rings. In clinical practice, such stiff architecture has been produced either 
synthetically or by strips of cartilage. However, this approach presents challenges in both 
constructing the substitute and promoting the formation of a ciliated epithelium capable of 
mucus production. 
The use of aortic allograft has been also considered while searching for a tracheal 
substitute. This graft is biocompatible with surrounding tissues and enables the patient to 
avoid strong immunosuppressive therapies. However, there is a risk of degeneration over 
time due to the lack of specific revascularization. It may also lack lateral stiffness, which 
increases the likelihood of stents being required. The use of stents can pose various 
complications for the patient. 
Trachea transplantation is another viable option that has been attempted for tracheal 
reconstruction, but this procedure involves numerous and complex surgeries and an 
extended period of immunosuppressive treatment. Moreover, it presents a complex 
challenge in restoring blood flow: direct transplantation is not a feasible solution, but the 
grafts require initial placement in a heterotopic position to encourage revascularization. 
[5,6] 
Within this scenario, cryopreservation and decellularization represent promising strategies 
for new tracheal graft development. 
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Cryopreserved tracheal allografts
Cryopreservation is a method that allows for the long-term preservation of biological 
samples by freezing them at extremely low temperatures. This method guarantees the 
maintenance of the precise structure of organelles, cells, tissues, or any other biological 
construct. Recently, the use of cryoprotective agents (CPA) and temperature control 
equipment has significantly improved the effectiveness of preserving cells and tissues. 
Storing tissue allografts is often done through cryopreservation and there are four main 
steps involved. First, the grafts are mixed with CPAs prior to cooling. Then, they are cooled 
to a low temperature and stored in liquid nitrogen vapour. When needed, the allograft is 
thawed under controlled conditions and the CPAs are removed from the grafts. Through 
this approach, it is possible to obtain an allograft that maintains the histological and 
mechanical characteristics, ideally reducing tracheal allogenicity. This reduction is closely 
linked to the alteration of the tracheal epithelium and lamina, which are targets of rejection. 
According to our knowledge, despite cryopreservation is broadly adopted for various 
tissues including amniotic membrane, bone, menisci, vascular tissue and heart valves, 
evidences on cryopreserved trachea effectiveness are still scant and more research is 
required. [7] 

Decellularized tracheal allografts
The process of decellularization is a commonly used technique within the field of tissue 
engineering. This discipline involves the principles of both engineering and biological 
sciences to develop functional tissues or organs for therapeutic purposes. To accomplish 
this, a support structure (scaffold) is integrated with the patient's own cells and biologically 
active molecules. [5]
In the field of tissue engineering for tracheal grafts, scaffolds can be categorized into two 
types: synthetic and biological(decellularized allografts). Synthetic scaffolds are expected 
to undergo biodegradation along with new, functional tissue regeneration; they are 
particularly interesting due to their intrinsic reproducibility, allowing to mimic structural 
and mechanical features of the targeted organ. However, they may have a lower attitude to 
support cells’ growth. Biological scaffolds include decellularized ECM. Briefly, 
decellularization strategies involve the use of chemical and/or enzymatic and/or physical 
treatments to isolate the ECM component from the immunogenic cellular elements which 
are removed by the procedure. Together with donor cells removal, the efficacy of 
decellularization is also associated with the preservation of the structural and signaling 
elements of the extracellular matrix. Such types of scaffolds act as a supporting structure, 
reproducing the original ECM's biological and mechanical function while well supporting 
the patient's cells colonization and proliferation. [5]
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3. AIM OF THE THESIS 
The study presented in this thesis aimed to develop, describe and compare cryopreserved 
and decellularized pig-derived tracheal grafts for future use in clinical practice. The first 
method was based on a cryopreservation protocol by "Fondazione Banca dei Tessuti del 
Veneto"; briefly, after soaking tracheal segments in cryoprotectant, a controlled freezing 
was performed followed by subsequent preservation within liquid nitrogen vapor. In 
parallel, the method based on decellularization consisted in a complex physical, chemical 
and enzymatic protocol recurring to different phases where, each cycle, consisted in 
lyophilization, followed by the use of the DNAse-I enzyme and the TergitolTM detergent. 
The tissue substitutes were compared for their immunogenicity (histology and 
fluorescence/ DNA quantification/immunohistochemistry), ECM characteristics 
(histology/ morphometric analyses), ultrastructure (Scanning Electron Microscopy 
(SEM)), mechanical behaviour, cytotoxicity in vitro (extract test followed by MTT 
colorimetric assay/direct seeding), and biocompatibility in vivo (histology/ 
immunohistochemistry/SEM). The findings of this study will contribute to a deeper 
comprehension of these novel tracheal substitutes, ultimately enhancing their translation to 
medicine. 
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4. MATERIALS AND METHODS 
4.1 Trachea isolation
Ten adult pigs, from a local butcher, were used to obtain the tracheas used for this study 
purposes. After excision, two tracheal segments measuring approximately 5 cm were 
isolated from each pig, thoroughly cleaned of any mucus and submerged in an antibiotic 
solution composed of BASE medium, gentamicin, vancomycin and meropenem for 48 h. 
One of the segments of each animal was intended for cryopreservation, while the other for 
decellularization.

4.2 Trachea cryopreservation
Ten of the tracheal segments underwent to cryopreservation by "Fondazione Banca dei 
Tessuti del Veneto ONLUS" (FBTV). Preliminarily, the tracheal segments underwent a 
second cleaning to remove mucus and were decontaminated with the same antibiotic 
solution as before for 48 h. The segments were then immersed in a sterile saline solution 
for 5 minutes before being placed into ethylene-vinyl acetate bags designed to withstand 
low temperatures. The bags contained a solution comprising BASE medium, 10% 
dimethylsulfoxide (CPA), and 10% human serum albumin. Finally, a programmable 
cryogenic equipment was employed to gradually cool the segments to a temperature of -
140 °C. The segments were then stored in liquid nitrogen vapor.

4.3 Trachea decellularization
Prior to decellularization, the segments underwent decontamination by using a 2% solution 
of streptomycin and penicillin in sterile deionized water (dH2O). This process consisted in 
3 washes under stirring, each lasting for 30 min. The decellularization process involved 12 
cycles; each cycle consisted of 4 phases:

1. Tissue freezing at -20 °C and lyophilization for 12 h. Lyophilization is used to remove 
ice crystals from a previously frozen tissue through sublimation and desorption, 
producing a completely dry, stable scaffold. After freeze-drying, the tissue can be 
immersed in solutions containing detergents and enzymes to remove cells. Because the 
scaffold is free of water, these solutions can penetrate better inside and act effectively. 
The formation of intracellular ice crystals during this process can lead to cell membrane 
disruption, genetic material fragmentation, and ultimately, cell lysis. 

2. Treatment with 10,000 kU DNAse-1 in 1 M NaCl at room temperature (RT) for 6 h; 
washing with dH2O; soaking in 0.05% trypsin+0.02% EDTA solution in dH2O at 37 °C 
for 1 h. Hence, extensive washing in dH2O occurred. These enzymatic process aims to 
separate the ECM from the cellular component.

3. Washing with 2% TergitolTM detergent solution + 0.8% ammonium hydroxide in dH2O 
at +4 °C for 3 days under stirring. These chemical treatment enables the solubilization 
of the cytoplasmic component. 

4. Washing with dH2O at +4 °C for 2 days under stirring to remove chemical residues
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4.4 Cryopreserved and decellularized tissues characterization

4.4.1. DNA visualization
To assess the presence and distribution of nuclei within decellularized and cryopreserved 
samples compared to the native trachea, 5 µm specimens were stained with 4,6-diamidino-
2-phenylindole (DAPI) and photomicrographs were captured using a Leica LMD6 
connected to a high-resolution digital camera. 

4.4.2. DNA extraction and quantification
To examine the DNA content, samples were treated using DNeasyBlood&Tissue kit under 
the manufacturer’s protocol. DNA samples were then quantified using Qubit 4 fluorometer 
and kit. 

4.4.3. Xenoantigen identification 
Within the scenario of xenotransplantation, the main contributors to hyperacute rejection 
are the superficial epitopes Alpha-Gal. Immunohistochemistry was employed to evaluate 
the treatments' effectiveness in concealing or deactivating these epitopes. Tracheal samples 
(NativeT, CryoT, DeCellT) were fixed in 10% formalin and embedded in paraffin. 
Subsequently, 3 µm thick sections were cut from the embedded samples. After dewaxing 
and rehydration, an immunohistochemical reaction was conducted using the anti-Alpha-
Gal primary antibody. Visualization of the reaction was achieved using a labelled polymer 
and 3,3'-diaminobenzidine. Alpha-Gal immunoreactivity was then quantified using 
photomicrographs acquired under a Leica DM4500B microscope connected to a high-
resolution digital camera.

4.4.4. Histological and morphometric analyses 
Specimens from the NativeT, CryoT and DecellT tissues were fixed in a 10% formalin 
solution in Phosphate Buffered saline (PBS) and embedded in paraffin. Following 
dewaxing and rehydration, sections measuring 5 µm underwent the stainings described 
below. Haematoxylin and eosin staining was employed for a broad tissue characterization 
thus allowing to verify the presence and distribution of cell nuclei and the integrity of the 
ECM. The preservation of ECM structural proteins was verified by the use of Weigert Van 
Gieson staining (elastic fibers), Masson's Trichrome and Sirius Red staining (collagen 
fibers), Alcian-blue staining (GAGs). 
Morphometric analysis of ECM elements was conducted using photomicrographs taken 
with a Leica DM4500B microscope equipped with a high-resolution digital camera. The 
quantification data were presented as the percentages of green-stained area for collagen, 
purple-stained area for elastic fibers, and red-orange and green stained areas for type I and 
III, respectively, relative to the total acquisition field area. GAGs were quantified using the 
Chondrex Inc. Glycosaminoglycans Assay Kit under the Manufacturer instructions.

4.4.5. Ultrastructural analyses by Scanning Electron Microscopy 
The Scanning Electron Microscope (SEM) is an advanced imaging instrument allowing for 
high-resolution visualization of the surface morphology and topography of materials.[10] 
Tracheal tissues were analyzed with SEM to assess their ultrastructure, considering both 
the external and the luminal side. Before SEM imaging, samples underwent fixation with 
2.5% glutaraldehyde in 0.2 M PBS to preserve tissue’s structure, dehydration using a series 
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of ethanol solutions, drying (critical point drying), and finally coating with a thin layer of 
gold (conductive material).

4.4.6. Mechanical behaviour
NativeT, DecellT, and CryoT samples from three donors () were sectioned transversally to 
form ring-like structures (three-rings/each) The dimensional characteristics of these 
samples were evaluated by measuring the medio-lateral diameters (d1), proximal-distal 
diameters (d2), tracheal wall thickness (t), and segment length (L) utilizing the image 
analysis software Fiji. (Fig. 1A). Subsequently, the Bose ElectroForce Planar Biaxial Test 
Bench was adopted to perform compression tests. Briefly, two parallel flat plates were 
arranged with the tracheal samples on the lower plate (Fig. 1B). The upper plate was 
gradually moved towards the samples at a steady speed of 0.2 mm s−1 until the proximal-
distal diameter (d2) was reduced by 50% from its initial measurement. A compression curve 
was generated to analyze the compression behaviour, representing the force per unit of 
length of the sample (f) against the tracheal compressive deformation (s) in the proximal-
distal direction. The tracheal compressive deformation (s) was calculated as the ratio of the 
plate displacement (Δu) to the initial diameter (d2) (s=∆u⁄d2) (Fig. 1C). The force per unit 
length of the sample (f) was determined by dividing the force value (F) measured by the 
load cell by the sample's length (L) (f=F⁄L). To estimate the sample's stiffness, the secant 
compressive modulus (k) was calculated by measuring the slope of the secant line at 20% 
and 50% compressive deformation (the range in which there is a homogeneous contact 
between the upper plate and the sample). The values of the secant compressive modulus k 
were analyzed through ANOVA (p<0.05).

Fig. 1: (A) Tracheal samples and their measurements of the medio-lateral diameters (d1), proximal-distal diameters (d2), 
tracheal wall thickness (t), and segment length (L). (B) Apparatus adopted for the mechanical test. (C) Trachea samples in 
their original and compressed states and the representation of the plate displacement Δu and the initial diameter d2.
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4.4.7. In vitro Cytotoxicity 
Cryopreserved and decellularized matrices cytotoxicity was assessed in vitro using the 
MTT assay. Briefly, this technique involves a yellow dye called 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) which, living cells, with active metabolism, 
can transform into a purple formazan product. The quantity of formazan generated is 
directly linked to the number of viable cells present in the sample. The formazan must be 
solubilized in order to measure its absorbance with a spectrophotometer. The resulting 
value is then used to determine the relative cell viability under the given experimental 
conditions. [11]
In this study, human bone marrow-derived stromal cells (HM1-SV40) were adopted to 
investigate the cytotoxicity of the matrices. The CryoT and the DecellT samples were 
soaked into HM1-SV40 cell proliferation medium for 72 hours at 37 °C. Simultaneously, 
HM1-SV40 cells were cultured on a separate 24-well plate. After 24 hours, the original cell 
culture medium was replaced with the tissue extract medium. In addition, two control 
groups were included in the experiment: a positive control treated with a cytotoxic 
substance (dimethyl sulfoxide) and a negative control with no treatment. After 24 hours of 
treatment, the cell survival rate was evaluated using the MTT assay. For this assessment, 
the cell culture medium was substituted with 0.5 mg/mL MTT in α-MEM and incubate for 
4 hours. The formazan produced was then dissolved in 2-propanol acid and the optical 
density of the solutions was measured at 570 nm. The results of the cytotoxicity test were 
expressed as percentages of viable cells compared to the untreated control. To determine 
the number of cells, an MTT standard curve was employed.
The cytocompatibility was also evaluated by examining scaffold’s ability to support cell’s 
attachment and growth. Firstly, HM1-SV40 cells were cultured and expanded in a 
proliferation medium. Simultaneously, cryopreserved and decellularized tracheal patches 
(0.5 × 0.5 cm2) were sterilized using an antibiotic/antimycotic solution, followed by 
washing in PBS and UV light exposure. After overnight incubation of the tracheal scaffolds 
in the cell proliferation medium, 100,000 HM1-SV40 cells were seeded on the luminal side 
of the scaffolds and cultured for 3 and 7 days. SEM analysis was conducted to observe and 
verify cell adhesion and proliferation on the scaffold surface.

4.4.8. In vivo Biocompatibility 
To assess in vivo biocompatibility, DecellT and CryoT specimens in a disc-like shape were 
implanted in six 12-week-old female Balb/C mice. Before the implantation procedure, mice 
were anesthetized, shaved and disinfected (with Betadine) at the level of the dorsal skin. A 
subcutaneous pouch was created using a 10 mm surgical blade, and the scaffolds were 
placed onto the latissimus dorsi muscle with the epithelial side in direct contact with the 
muscle tissue. After the surgery, the mice received antibiotic/anti-inflammatory treatment 
for 5 days. After a 14-day post-implantation period, the scaffolds were retrieved and fixed 
for further characterization using histological, immunohistologic and SEM analyses.
The scaffolds underwent staining by H&E, Masson’s Trichrome, Sirius Red, Alcian-blue, 
Weigert Van Gieson (for the same purpose as described in Section 4.4.3), and von Kossa 
(to assess potential calcification of the specimens after implantation). 
Moreover, presence of inflammatory cells was also assessed through anti-CD3 and anti-
F4/80 antibodies, diluted in PBS to label lymphocytes and monocytes/macrophages, 
respectively. At first, 3-5 µm sections were treated with 10 mM sodium citrate buffer at 90 
°C for 10 minutes. Afterward, a blocking serum was used to remove unspecific binding, 
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and primary antibodies were applied and incubated at room temperature for an hour. The 
binding of primary antibodies was identified using anti-rabbit/mouse serum and developed 
with 3,3′-diaminobenzidine. The sections were finally counterstained with haematoxylin. 
Negative control sections were incubated without primary antibodies. Immunoreactivity 
was then quantified using photomicrographs acquired under a Leica DM4500B microscope 
connected to a high-resolution digital camera.

4.5. Statistical Analysis 
The results are shown as the average value with the standard deviation (SD) from at least 
three separate tests. To find any meaningful distinctions among the different groups, it was 
used a statistical test called one-way analysis of variance (ANOVA) followed by the Tukey 
post hoc test for multiple comparisons. When comparing only two groups, it was used an 
unpaired t-test. If the p-value was equal to or less than 0.05, the differences were considered 
significant.
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5. RSULTS AND DISCUSSION 
5.1. Characterization of the grafts’ macroscopic appearance 
  After being cryopreserved for 13 months, the samples displayed an external whitish aspect 
and an inner pinkish lumen. The overall tubular structure of the samples was effectively 
preserved. The DecellT samples were subjected to lyophilization to promote 
decellularization solutions adsorption; 12 decellularization cycles were performed to obtain 
a patent, whitish sample. (Fig. 2)

5.2. The protocols reduce the immunogenic potential of the Tracheal Substitutes 
The immunogenicity of decellularized and cryopreserved samples represents a prominent 
area of concern, as it is closely linked to the risk of graft rejection upon implantation. 
Qualitative verification of cell residues was conducted through DAPI staining, highlighting 
nuclei presence within the samples(blue dots). As expected, cells were uniformly 
distributed in the whole NativeT thickness. In contrast, the CryoT had fewer luminescent 
elements that were nearly not visible in the DecellT samples, mainly localized at the 
peripheries of the lacunae. 
This evidence was confirmed by DNA quantitative analyses, which revealed a substantial 
DNA content reduction in both the CryoT and DecellT samples when compared to the 
NativeT reference group. Specifically, the NativeT group exhibited a DNA content of 
522.30 ± 157.70 ng/mg, whereas the CryoT and DecellT specimens showed a reduction of 
60.4% (206.21 ± 71.26 ng/mg) and 91% (55.84 ± 7.06 ng/mg), respectively. Notably, the 
decellularization approach exhibited high efficacy in reducing the immunogenic potential 
of the samples versus cryopreservation (p< 0.01) groups. (Fig. 3)
  

Fig. 2:  Fresh trachea gross appearance (a); gross appearance of cryopreserved trachea (b, c); gross appearance of 
lyophilized trachea before decellularization (d); decellularized trachea (e). 



20

Given the pig origin of the specimens, Alpha-Gal epitopes immunolocalization was 
focused. In Native T samples positive immunoreaction was detected within the mucosal 
and submucosal layers; the xeno-antigens’ content was nearly absent within cartilage 
regions In CryoT specimens, despite a reduction, a certain level of immunopositivity 
persisted within the mucosal and submucosal regions. In contrast, the DecellT samples did 
not show Alpha-Gal positive elements in the whole tissue thickness (Fig. 4). 
Quantitative analysis showed for the NativeT group an immunoreactivity percentage of 
23.56 ± 1.87% and 10.46 ± 0.54%at the mucosa/submucosa layer and  at the adventitia 
layer, respectively. These measurements surpassed those of the CryoT group (adventitia: 
3.68 ± 0.33%, mucosa/submucosa: 8.76 ± 0.93%), and notably exceeded those of the 
DecellT group (adventitia: 0.02 ± 0.031%, mucosa/submucosa: 0.20 ± 0.18%), furtherly 
confirming decellularization protocol efficacy in reducing sample immunogenicity.

Fig. 3: NativeT, CryoT and DecellT samples after DAPI staining (cells nuclei are visible as blue markers), with the 
respective quantification of residual DNA (**: p < 0.01; ****: p < 0.0001). 

Fig. 4: NativeT, CryoT and DecellT samples evaluated for the Alpha-Gal epitopes immunolocalization (positive reactions 
appeared in brown). 
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5.3. The protocols efficiency in maintaining ECM composition 

quantitative analysis assigned a GAG content of 2.79 ± 0.04 μg/mg to the DeCellT group, 

Fig. 5: Histological characterization of NativeT, CryoT and DeCellT sections stained with Hematoxylin and 
Eosin 
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in contrast to the values of μg/mg 5.21± 0.90 μg/mg and 4.93 ± 0.60 μg/mg observed in the 

Collagen distribution was evaluated through Masson’s trichrome and Picrosirius Red 
stainings. The first staining allowed for the visualization of collagen's overall distribution 
within the tissue. At the hyaline cartilage level, collagen appeared as uniformly rapresented, 
with no significant differences between the three groups. This observation was furtherly 
proved by the quantitative analysis (90.71 ± 1.79% for NativeT; 83.27 ± 14.30% for CryoT, 
and 84.41 ± 7.95% for DecellT). Conversely, the DecellT group exhibited statistically 

Fig. 6: Histological characterization of NativeT, CryoT and DeCellT sections stained with Alcian Blue staining, with the 
respective GAGs’ quantification (*: p < 0.05). 
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higher total collagen values within the mucosa/submucosa region and adventitia in 
comparison to the other two groups. In terms of the mucosa/submucosa compartment, the 
values were as follows: DecellT: 37.48 ± 2.99%; NativeT: 14.44 ± 2.59%; CryoT: 13.12 ± 
6.61%. As for the adventitia, the percentages were: DecellT: 39.83 ± 3.73%; CryoT: 38.37 
± 4.18%; NativeT: 25.07 ± 5.23% (with a significance of p < 0.05). (Fig. 7)

  

Picrosirius Red staining was employed to specifically recognize collagen type I (orange-
red) and type III (green) fibers, utilizing the technique of polarized light microscopy. A 
prominent presence of collagen type I was detected in the mucosa/submucosa, 
perichondrium and adventitia across all three groups. Notably, the DecellT specimens 
exhibited a distribution of collagen type I also within the cartilaginous compartment. On 
the contrary, collagen type III was less evident here.

Fig. 7: Histological characterization of NativeT, CryoT and DeCellT sections stained with Masson’s Trichome staining; 
with the respective collagen quantification in the mucosa/submucosa, cartilagineous compartment and adventitia. (*: p < 
0.05; ****: p < 0.0001).  
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Quantitative analysis within the mucosa/submucosa/cartilage compartments highlighted 
that DecellT samples exhibited a statistically significant lower amount of collagen type I 
and III in comparison to the CryoT group (type I: 3.85 ± 1.04% and 8.41 ± 2.05%, 
respectively; type III: 1.20 ± 0.68% and 4.15 ± 1.01%, respectively). On the contrary, 
moving to the adventitia, the DecellT group displayed higher values for both collagen type 
I and type III compared to the other groups. Although the difference was not statistically 
significant for collagen type I (NativeT: 11.08 ± 3.14%; CryoT: 13.89 ± 4.06%; DecellT: 
17.46 ± 2.48%), it was (p < 0.01) when comparing DecellT (21.22 ± 2.26%) with CryoT 
(10.48 ± 3.08%) and NativeT (8.32 ± 2.82%), respectively. (Fig. 8) 

 
Weigert Van Gieson staining was used to investigate the elastic fibers content. Generally, 
they are primarily packed within the lamina elastica, the layer of tissue that separates the 
mucosa from the submucosa. Additionally, elastic fibers can be situated beneath the 
epithelial layer, on gland surfaces, and along the cartilaginous ring. Within the CryoT 
samples, the arrangement of elastic fibers resembled their natural configuration. In contrast, 
in the DecellT tissues the elastic fibers' content was altered, and the only remnants were 
observable in the lamina elastica as well as in the deeper and outer layers of the 
cartilaginous ring. (Fig. 9) 
In terms of quantitative analyses, the DecellT samples had the lowest elastic fibers content 
(mucosa/submucosa: 0.99 ± 0.41%; adventitia: 0.42 ± 0.19%) within the cohort. 
Conversely, the CryoT samples showed a higher elastic fiber content (mucosa/submucosa: 
5.15 ± 0.94%; adventitia: 2.02 ± 0.25%) in comparison to the DecellT samples but lower 
than the NativeT samples (mucosa/submucosa: 6.67 ± 0.64%; adventitia: 3.72 ± 0.43%).

Fig. 8: Histological characterization of NativeT, CryoT and DeCellT sections stained with Picrosirius Red staining (left) and 
visualized under polarized light microscopy (right)
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5.4. Characterization of the grafts’ ultrastructure 
Scanning electron microscopy was employed to examine the ultrastructural composition of 
both the respiratory epithelium and adventitia in the specimens. 
NativeT displayed the distinctive characteristics of a standard respiratory epithelium: 
complete with intact cilia and microvilli. In contrast, CryoT and DecellT presented altered 
ultrastructure because of the processes they underwent to. CryoT samples showed a notable 
level of de-epithelization with significant loss of cilia. In the DecellT the epithelium was 
completely removed, but a disorganized basal membrane remained identifiable. As for the 
adventitia, the CryoT samples exhibited no significant differences compared to the native 
tissues. In contrast, within the DecellT samples, while the collagen fibers remained 
distinguishable, they presented partial fusion possibly ascribable the treatment they 
underwent to.

5.5. The two grafts show different mechanical properties 
ECM morpho-structural alteration likely impact on the grafts’ mechanical properties. To 
evaluate the retention of tracheal biomechanics, a compression test was conducted. The 
outcomes were presented through a compression curve, representing the force per unit of 
length of the sample (f) against the tracheal compressive deformation (s) in the proximal-
distal direction (Fig. 10A). The response to compression was quite comparable between the 
NativeT and CryoT samples. On contrary, the DecellT, showed the tendency to undergo a 
compression deformation of 50% with a reduced force applied per unit of length, thus 

Fig. 9: Histological characterization of NativeT, CryoT and DeCellT sections stained with Weigert Van Gieson staining.
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suggesting a notably reduction in stiffness. (Fig 10B) Indeed, when comparing the values 
of compressive stiffness, a significant distinction was highlighted between the DecellT and 
NativeT samples (p<0.05) . (Fig 10C) 

5.6.  Cytocompatibility of the grafts 
To evaluate the potential cytotoxicity of cryopreserved and decellularized tracheal tissues, 
HM1-SV40 cells were cultivated for a 24-hour period in a culture medium derived from 
tissue extracts. Subsequently, these cells were analyzed through microscopic observation 
and an MTT assay. Under microscopic examination, the cells did not exhibit any 
modification in morphology, viability, and ability to grow. Furthermore, the MTT assay 
results highlighted that their total number exceeded the threshold of 70%, suggesting that 
the cells were exposed to a non-cytotoxic medium (77.3% for the cryopreserved samples 
and 99.8% for the decellularized samples).The cytocompatibility was furtherly assessed by 
direct cells seeding over CryoT and DecellT samples followed by SEM analysis. After 3 
days of culture, the ability of cells to adhere was already evident; at day 7 a notable increase 
in the number of attached cells was observed, proving their ability to proliferate over the 
support. (Fig. 11)

Fig. 10: (A) The general compression curve; stiffness was evaluated using the compressive modulus (k), derived from the 
slope of the secant line at 20% and 50% compression. (B) The compression curve of the three groups. (C) Comparison of the 
values obtained from the three groups 

 

Fig. 11: SEM analysis showing cells adhesion and proliferation on the CryoT and DecellT surface.
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5.7.  Biocompatibility of the grafts 
To assess in vivo biocompatibility, DecellT and CryoT specimens were implanted in female 
Balb/C mice (subcutaneous implant) and evaluated after14 days, by histology, 
immunohistochemistry and SEM.
As evidenced by H&E and Alcian Blue staining, the cartilaginous compartment remained 
intact, and it was easily recognizable in all sections with no evident alterations. Regarding 
the periphery of the implants, there was a mild host response in both groups, which is 
compatible with the nature of the surgical procedure. The connective tissue layer 
surrounding the implants (rich in elastic fibers as shown by Weigert Van Gieson staining) 
exhibited similar properties in both CryoT and DecellT samples, although the sheath was 
slightly thicker in the CryoT group at the mucosa-latissimus dorsi muscle interface. This 
difference may indicate a variation in the host's response to the two types of implants in 
this specific region. Through the use of Von Kossa, it was possible to verify the absence of 
potential calcification of the specimens after implantation (at both the subcutis-cartilage 
and the mucosa-latissimus dorsi muscle interface). (Fig. 12) 

Fig. 12: Histological characterization of  CryoT (A) and DeCellT (B) explants stained with Haematoxylin end Eosin, Alcian 
Blue and Weigert van Gieson. (C) Histological characterization of the subcutis-cartilage and the mucosa-latissimus dorsi 
muscle interface of the CryoT and DecellT explants by von Kossa staining.
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The presence of inflammatory cells (lymphocytes and macrophages) was assessed through 
the use of anti-CD3 and anti-F4/80 immunostaining. As expected , mild lympho-monocytic 
infiltration was found at the level of the connective tissue surrounding the implants. 
Subsequently, the amount of CD3-positive and F4/80-positive components was determined 
highlighting no significant disparities between the CryoT group (CD3: 2.43 ± 0.42%; 
F4/80: 2.26 ± 0.85%) and the DecellT group (CD3: 3.11 ± 1.50%; F4/80: 2.58 ± 0.61%). 
(Fig. 13)

Finally, SEM analysis was conducted to analyse the ultrastructure of the explants. The 
CryoT samples displayed numerous cellular components along the respiratory epithelium 
side. These cells were either combined in a single layer or had a rounded appearance. 
Conversely, on the side facing the adventitia, there were minimal host cells present. In 
contrast, the DecellT were extensively populated by host cells on both sides of the explants. 
(Fig. 14) 

Fig. 13: The detection of CD3+ and F4/80+ cells (identifiable by their brown-stained appearance and indicated by black 
arrows) is observed at the interfaces connecting the tracheal samples with the surrounding host tissues.

 

Fig. 14: SEM analysis of CryoT and DeCellT explants

 

Fig. 14: SEM analysis of CryoT and DecellT explants 
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5.8.  Discussion 
The field of tracheal substitutes has been marked by many challenges in finding suitable 
solutions that combine structural integrity and immunocompatibility. The study presented 
in this thesis provide a characterization of two potential approaches for tracheal substitutes: 
cryopreservation and decellularization. 
Cryopreservation has been shown to maintain the native tissue characteristics in ECM 
ultrastructure and composition, with only minor alterations. Moreover, CryoT samples 
exhibited a surprisingly reduction in genetic material despite the limited tissue 
manipulation required for the process. This suggests that cryopreservation has the potential 
to modify the antigenicity of the tissue; therefore, the modulation of freezing and thawing 
periods might further decrease the tissue's potential to trigger an immune response. 
Conversely, contrasting evidence has indicated that extended periods of cryopreservation 
may not impact the viability of chondrocytes and, consequently, the allogenicity of tracheal 
tissue. So, it remains important to confirm the immunomodulatory effect of 
cryopreservation on tracheal allografts for their future use in the clinical application of 
tracheal transplantation. 
On the other hand, decellularization has been proven to be efficient in removing cellular 
components and xeno-antigens. However, it led to alterations in tissue composition, 
particularly in GAGs’ reduction, which are essential for tissue mechanics and signaling. 
Increasing the number of decellularization cycles or using a more aggressive approach 
improves the removal of cellular portions but also raises the risk of damaging the ECM. In 
consideration of this, the possibility of generating a scaffold that is not entirely 
decellularized but in which the immunogenic cells are removed, and the "immune-
privileged" chondrocytes are partly maintained, is under investigation.
The cytocompatibility assessment demonstrated that both CryoT and DecellT supported 
cell adhesion and colonization. This is promising for the potential of these substitutes to be 
repopulated by cells prior to be implanted and/or in situ after transplantation. The results 
of the subcutaneous implantation also indicated a comparable immune response by both 
substitutes, suggesting that neither approach induced excessive inflammation. 
In conclusion, the study results confirm that trachea allograft/xenograft may be both worthy 
options, but further preclinical studies, especially in large animals, are needed to determine 
their outcomes in the clinical application. Integrating cryopreservation and 
decellularization techniques may offer a synergistic approach that resolves the limitations 
of each method and open the way for more effective tracheal reconstruction strategies. 
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