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A Clinical-Grade Partially Decellularized Matrix for Tracheal
Replacement: Validation In Vitro and In Vivo in a Porcine
Model

Lousineh Arakelian, Maëlys Léger, Sabrina Kellouche, Rémy Agniel, Patrick Bruneval,
Jean Marc Allain, Valentino Caputo, Nicolas Gendron, Romane Gozlan, Rezlene Bargui,
Augustin Vigouroux, Caroline Sansac, Mohamed Jarraya, Françoise Denoyelle,
Jérôme Larghero, and Briac Thierry*

The management of extensive tracheal resection followed by circumferential
replacement remains a surgical challenge. Numerous techniques are
proposed with mixed results. Partial decellularization of the trachea with the
removal of the mucosal and submucosal cells is a promising method,
reducing immunogenicity while preserving the biomechanical properties of
the final matrix. Despite many research protocols and proofs of concept, no
standardized clinical grade protocol is described. Furthermore, local and
systemic biointegration mechanisms of decellularized trachea are not well
known. Therefore, in a translational research perspective, this work set up a
partial tracheal decellularization protocol in line with Cell and Tissue Products
regulations. Extensive characterization of the final product is performed in
vitro and in vivo. The results show that the Partially Decellularized Trachea
(PDT) is cell-free in the mucosa and submucosa, while the cartilage structure
is preserved, maintaining the biomechanical properties of the trachea. When
implanted in the muscle in vivo for 28 days, no systemic inflammation is
observed, and locally, the PDT shows an excellent biointegration and
vascularization. No signs of graft rejection are observed. These encouraging
results confirmed the efficacy of the clinical grade PDT production protocol,
which is an important step for future clinical applications.
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1. Introduction

Tracheal defects of more than 50% in
adults and 30% in children cannot be
reconstructed with an end-to-end anas-
tomosis and require circumferential
replacement of the resected area.[1]

Multiple techniques have been used
in clinic with mitigated results. Au-
tologous surgical reconstructions are
technically extremely complex.[2–5] Thy-
rotracheal complex allotransplantations
are equally challenging due to the com-
plexity of direct vascular restoration
and long-term immunosuppressive
therapy.[6,7] Synthetic products are cur-
rently not suitable for transplantation.[8]

3D-printed bio-mimetic scaffolds have
proven limited biointegration, with
limited colonization by patients’ cells
and neovascularization.[9,10] In terms
of biological tissues, aortic allografts
show satisfactory biointegration results
but aortic malacia requires long-term
stenting.[11–13]
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In this context, decellularization of the trachea is an interest-
ing area of research. This technique makes biological tissues less
immunogenic by removing cells, antigens and genomic DNA,
while preserving the chemical and biomechanical properties of
the extracellular matrix (ECM). Therefore, decellularized tissues
can be ideal for biointegration, without graft rejection. Numerous
complete decellularization protocols of the trachea have been re-
ported. One of the initial stumbling challenges was the malacia
induced by full decellularization, carried out by long and aggres-
sive treatment to remove mucosal cells and chondrocytes. Initial
clinical applications have shown poor results.[7,14–16]

In the trachea, epithelial cells are the most immunogenic,
while chondrocytes have a low immunogenicity.[7,17–20] Several
teams have recently demonstrated in mouse and porcine tracheal
models the benefits of partial decellularization, which removes
cells only from the mucosa but preserves chondrocytes and the
cartilage. Consequently, this trade-off tissue engineering tech-
nique makes the matrix less immunogenic, without rendering it
malacic.[21,22] Previously published partial decellularization pro-
tocols were mainly based on small animal tracheal models, whose
size is not compatible with that of humans. As for larger animal
models, previously reported partial decellularization methods on
pig tracheas showed the presence of remaining cells in the sub-
mucosa at the end of their procedure.[21]

Another important step is to evaluate the biocompatibility of
the partially decellularized trachea (PDT) in vivo and to under-
stand the mechanisms of biointegration. Like any other decellu-
larized tissue, the PDT needs to be revascularized to become a
living tissue and provide an oxygen and nutrient rich environ-
ment for host cell colonization.[23] Furthermore, in order to im-
prove this biointegration and tissue regeneration, it is important
to understand cellular and molecular mechanisms involved, and
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the immunological response[24] both at local and systemic levels.
Ideally, these mechanisms should be explored in animal models
that present a high similarity in terms of immune system with
humans. The pig is therefore an ideal candidate for this kind of
immunological studies.[25]

Considering the presented elements, and in the aim of a trans-
lational research, the objectives of this study were the develop-
ment of a reliable and reproducible clinical grade partial decel-
lularization protocol using porcine tracheas, implant the PDT in
vivo in a porcine model for 28 days and evaluate vascularization
and biointegration.

2. Experimental Section

2.1. Porcine Tracheal Harvest

Tracheas from Large White/Landrace pigs weighing between 50
and 70 kg were harvested from freshly sacrificed animals in a
professional slaughterhouse of a national research facility (In-
stitut National de Recherche pour l’Agriculture, l’Alimentation
et l’Environnement, INRAe, Nouzilly, France). They were trans-
ported to our laboratory in physiological serum.

2.2. Partial Decellularization Protocol

Partial decellularization consists of four major steps: decontami-
nation with antibiotics, treatment with a detergent to remove the
cells and their contents, rinsing and incubation with activated
charcoal cartridge to remove residual detergent and antibiotics,
and treatment with DNase to remove the remaining genetic ma-
terial (Figure 1). All these steps were performed under sterile con-
ditions in a laminar flow hood.

2.2.1. Decontamination

Each trachea was rinsed, cleaned of connective tissue and placed
in a 500 mL bottle which was used until the end of the pro-
cess. Tracheas were decontaminated overnight under constant
agitation (230 rpm, New Brunswick Innova, 42 R shaker, Eppen-
dorf, Hamburg, Germany) in a solution of antibiotics and an-
timycotics: 320 mg L−1 gentamycin (Panpharma, Luitré, France),
600 mg L−1 clindamycin (Pfizer, Paris, France), 500 mg L−1 van-
comycin (Mylan, Saint-Priest, France), and 100 mg L−1 ampho-
tericin B (Bristol-Myers Squibb, Rueil-Malmaison, France) at
24 °C.

2.2.2. Decellularization

This process was performed in order to remove epithelial
and submucosal cells. After decontamination, the solution was
changed to 1% sodium dodecyl sulfate (SDS; Euromedex, France)
prepared in sterile water. The bottles were then placed under or-
bital agitation (230 rpm) at 24 °C, in a shaking incubator (New
Brunswick Innova 42R, Eppendorf France, Montesson). After 24
h, treated tracheas were rinsed with saline for four 20-min cycles
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Figure 1. Diagram of decellularization steps from porcine tracheal harvest to cryopreservation. The partial decellularization process is represented. The
five steps of decellularization were: decontamination with antibiotics, SDS treatment, rinsing, detoxification with an activated charcoal cartridge and
DNAse treatment. All steps were performed in a bottle, under sterile conditions in a laminar flow hood. Cryopreservation enabled long-term storage.
SDS: Sodium Dodecyl Sulfate.

at 37 °C. Then, in order to remove residual SDS traces, an ac-
tivated charcoal cartridge was used. The bottles were filled with
sterile water and connected in series to the Adsorba 300C car-
tridge (Baxter, USA), forming a closed circuit with a peristaltic
pump (27 mL min−1). The bottle was placed on a warming mag-
netic agitator Cimarec (Thermo Fisher Scientific Inc., Waltham,
USA) and the solution was continuously filtered for 96 h at
37 °C and 270 rpm. The SDS released from the decellularized
trachea was adsorbed by the cellulose-coated activated charcoal
(Figure 1).

To remove DNA, the tracheal matrix was incubated for 3 h with
DNase 40 UI mL−1 (Pulmozyme, Roche, Boulogne-Billancourt,
France) at 37 °C under constant orbital agitation (230 rpm) in the
shaking incubator (New Brunswick Innova 42R).

2.2.3. Cryopreservation

PDTs were stored in a solution of Roswell Park Memorial
Institute Medium (RPMI, Gibco Waltham, MA, U.S.A.) sup-
plemented with 10% DMSO (CryoSure-DMSO, WAK-Chemie
Medical GmbH, Germany) and 0.8% Albumin (OctaPharma,
Boulogne Billancourt). The descent in temperature was per-
formed in two steps: freezing at−20 °C overnight, then long term
preservation at −80 °C.

2.2.4. Sterility

According to the standards of clinical grade human tissue bank-
ing, sterility was evaluated on samples of trachea (1) before and

(2) after antibiotic and antimycotic treatment, (3) at the end of
the decellularization process and (4) after the thawing of cry-
opreserved PDT. Samples were incubated in Schaedler broth
(Biomérieux SA, Craponne, France) for 10 days and then seeded
into Chocolate agar + PolyViteX (Biomérieux SA) for aerobic cul-
ture, Columbia agar+ 5% sheep blood (Biomérieux SA) for anaer-
obic culture, and Sabouraud chloramphenicol gentamicin agar
(Bio-Rad Inc, Hercules, USA) for fungal culture. The bacterial
media were incubated at 37 °C for 8 days and the fungal medium
at 30 °C for 11 days. In addition, incubated Schaedler for samples
(3) and (4) were seeded in aerobic and anaerobic BACT/ALERT –
Flasks (Biomérieux, France) for 10 days at 37 °C.

2.3. Histology and Immunostaining

2.3.1. Histology

Native tracheal and PDT segments were fixed in 10% formol
and embedded in paraffin. Five-micrometer-thick sections were
stained with hematoxylin-eosin-saffron (HES) for general struc-
ture and remaining cells, picrosirius red for collagen fibers, or-
cein for elastic fibers and alcian blue for glycosaminoglycans.

2.3.2. Immunostaining of ECM Components

Deparaffinized histological sections were rinsed with PBS, fixed
with 3% paraformaldehyde diluted in PBS (15 min) then rinsed
with PBS containing 0.5% bovine serum albumin (BSA). They
were permeabilized with 0.1% Triton X100 in PBS for 30 min at
room temperature, then rinsed three times with PBS-BSA.
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Immunostaining was performed with an association of a pri-
mary antibody and a secondary fluorescent antibody. The fol-
lowing primary antibodies were used: Collagen II (ab34712 rab-
bit polyclonal IgG, Abcam) and Laminin (L9393, rabbit poly-
clonal IgG, Merck). Histological sections were incubated with
the primary antibodies for 2 h at room temperature. After sev-
eral washes in PBS-BSA, slides were incubated for 1 h at room
temperature with Anti-Rabbit Alexa Fluor 568). Cell nuclei were
labeled with 4,6-diamino-2-phenylindol dihydrochloride, (DAPI,
Sigma Aldrich). The coverslips were mounted in Prolong-Gold
antifade reagent (P36930, Invitrogen). Specificity controls were
performed by incubating tissues with the secondary antibodies
alone, used as negative control. Autofluorescence analysis of his-
tological sections was also performed. Immunofluorescent label-
ing observations were made under a Zeiss Axio Observer Z1 mi-
croscope equipped with an axiocam305 sCMOS camera. The exci-
tation wavelengths used for DAPI, Collagen II and Laminin were
385, and 555 nm, respectively. The lens was EC Plan neofluar
x10/0.3.

2.4. DNA Quantification and Qualification in the Mucosa

Native tracheal and PDT samples were collected and the mu-
cosa was separated from the rest of the trachea. Samples of about
30 mg were cut and weighed. They were digested overnight with
proteinase K and DNA was extracted using the PureLink Ge-
nomic DNA Mini Kit (Invitrogen, USA), according to the manu-
facturer’s instruction. The extracted DNA was quantified by Nan-
odrop (Thermofisher) and the concentration was calculated per
milligram of wet tissue mass. The size of the DNA fragments
was assessed after electrophoresis in a 2% agarose gel contain-
ing SYBR safe (Thermofisher) for 1 h at 150 V. The gels were ob-
served with iBright1500 (Thermo Fisher Scientific). GeneRuler
1 kb (Thermo Fisher Scientific) ladder was used for size control.

2.5. Scanning Electron Microscopy

Segments of native trachea, PDT and implanted PDT were fixed
with Paraformaldehyde 2%, Glutaradaldehyde 2.5%, Sodium ca-
codylate 0.2 m pH 7.3. After washing in sodium cacodylate buffer,
segments were cut into 0.25 cm2 pieces, dehydrated through
graded concentration of ethanol from 30% to 100%, critical point
dried (CPD300, Leica), mounted on stubs and finally sputtered
with 4 nm of platinum (ACE600, Leica). Scanning Electron Mi-
croscopy was conducted using a field emission gun Scanning
Electron Microscope (GeminiSEM300, Carl Zeiss) with an accel-
eration voltage of 2 keV under high vacuum. Secondary electrons
were collected. Scan speed and line averaging were adjusted dur-
ing observation.

2.6. Biomechanical Properties

Compression testing was performed to evaluate the biomechan-
ical properties of native trachea and PDT. The experiments were
performed at 23 °C on a single-column, tabletop, universal test-
ing machine (UTM) (model 5844; Instron Corp., Norwood, MA)

equipped with a 2 kN load cell (Instron). Merlin Software (ver-
sion 5.53.00; Instron) was used to control test execution and data
collection. Four-ring specimens of native tracheas, cryopreserved
native tracheas and PDT were equilibrated to room temperature
and kept hydrated in PBS prior to testing. They were subjected
to uniaxial radial compression testing by placement between two
metal plates with the membranous side down. The upper plate
was attached to the UTM load arm and lower plate was attached
to the fixed UTM baseplate. Each specimen was compressed at
a rate of 2.5 mm min−1 until 90% to 100% lumen occlusion was
visible, at which point the test was stopped manually. Compres-
sive load (N) versus compressive displacement (mm) data were
obtained, and the load at 50% compressive displacement was cal-
culated. Percentage of displacement was defined as Dx /D0×100,
where Dx was the distance traveled, and D0 was the starting po-
sition.

2.7. Absence of Cytotoxicity of the PDT In Vitro

SDS Cytotoxic Threshold Concentration

Threshold cytotoxic concentration of SDS was defined on
BALB/3T3 clone A31 cells (ATCC, U.S.A.), grown in DMEM
(ATCC, U.S.A.) supplemented with 2% bovine calf serum (BCS,
ATCC, Manassas, VA, USA) and 1% ATB/ATM. This cell line
is recommended by European guidelines (Iso 109935-2009).
BALB/3T3 cells were seeded at 1.5 × 104 cells well−1 in a 48-well
plate in a medium to which SDS had been added at a concentra-
tion ranging from 1% to 10−7%. Positive controls were DMEM
with 10% and 2% BCS. Negative control was culture medium
containing 1% SDS.

After 48 h, cell viability was assessed after staining with
LIVE/DEAD viability/cytotoxicity kit (Thermo-Fisher Scientific)
containing calcein and ethidium homodimer-1. Images were ac-
quired using a live microscope, Incucyte (Sartorius).

PDT Cytotoxicity on Balb/3T3 Cells

5-mm diameter samples of PDT were prepared with punches
(Kai medical, Solingen, Germany) and incubated in 500 μL of
Balb/3T3 culture medium containing 2% BCS. After 48 h, the
supernatants were transferred on BALB/3T3 cells seeded at
1.5 × 104 cells well−1 in a 48-well plate for 48 h. Cell viability
was screened as described above, using the LIVE/DEAD viabil-
ity/cytotoxicity kit with Incucyte (Sartorius).

Cell viability was also quantified by flow cytometry. At the end
of the 48-h culture, floating cells in the supernatant were col-
lected and the remaining cells were detached by a trypsin treat-
ment. All cells were centrifuged and suspended in 1× apoptosis
buffer (Invitrogen). They were stained with 2 μL tube−1 Annexin
V-FITC and 2 μL of Propidium iodide (PI) kit (Invitrogen). Af-
ter 15 mins of staining at room temperature, cell viability was
analyzed by flow cytometry, using an Attune-Nxt cytometer (In-
vitrogen, Thermo Fisher Scientific). Unstained cells were used
as control for fluorescence. Viability positive controls were cells
cultured in medium with 10% and with 2% BCS. Negative con-
trol was cells cultured in medium with 2% BCS containing 0.01%
SDS. Annexin V−/PI− population was considered as viable.
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Residual SDS Quantification

The concentration of residual SDS was measured by a spec-
trophotometric method, based on the use of a carbocyanine dye
(Stains-all) the color of which changes from intense fuchsia to
yellow upon addition of SDS. This method has been recently de-
scribed by our team.[26] All microtiter assays were performed in
a Dulbecco PBS buffer.

The absorbance was read at 450 nm, with a microplate reader
« Varioskan Lux » (Thermo Scientific). Standards and samples
analyzed are described below.

Standards Preparation

SDS concentration standards were prepared by dilution of the
20% stock solution in PBS, ranging from 0.01% to 0.00025% SDS
and stored at room temperature. The linearity of the curve rep-
resenting absorbance versus concentration was validated prior to
the dosage. Simple linear regression was used for the validation
of colorimetric standard curve.

SDS Adsorption Capacity of the Activated Charcoal Cartridge

First, the SDS adsorption capacity of the clinical-grade activated
charcoal cartridge was validated using a 0,01% SDS solution, fil-
tered in a closed circuit. Iterative samples were taken before start-
ing the pump, then every hour for 4 h.

In order to evaluate the efficacy of each rinsing and detoxifica-
tion step of the PDT, samples were taken from the decellulariza-
tion solution (1% SDS initially), at the end of each rinsing (4 ×
20mins), then at different time points, once the PDT were con-
nected to the active charcoal cartridge.

SDS Released from PDT

Samples of PDT were lyophilized and stored at 4 °C. Samples
of 30 mg were placed into 2 mL tubes with 1 mL of PBS. They
were grinded with a Tissue Lyser (Qiagen) at 50 rpm for 15 mins
and placed in an incubator for 48 h at 37 °C. Supernatants were
collected and analyzed for the presence of SDS.

Seeding of the PDT with BEAS-2B Cell Line

Human bronchial epithelial cell line BEAS-2B (Merck) was
seeded and amplified in SAGM Small Airway Epithelial Cell
Growth Medium BulletKit (Lonza, USA), in collagen coated Bio-
Coat flasks (Corning, USA). Once confluent, cells were detached
by trypsin treatment and were suspended at a concentration of
4 × 106 cells mL−1.

5-mm diameter punches of four different PDTs were prepared.
Three punches/PDT were placed in ultra-low-fixation 24-well
plates (Corning, USA). BEAS-2B were then added to the wells.
The plates were placed on an agitator (Grantbio), in a cell culture
incubator at 37 °C, 5% CO2 for a week. Seeded PDT samples were
fixed for 24 h in paraformaldehyde (PFA) 4%, included in paraffin
and 5 μm thick sections were prepared. Samples were evaluated
by histology. BEAS-2B adherence and distribution was assessed
by HES staining.

2.8. In Vivo Vascularization and Biointegration in Pigs

2.8.1. Animal Care and Ethics Statement

Female hybrid Landrace, Large White and Pietrain pigs aged 4
months, weighing between 50 and 60 kg received a PDT graft.
Female pigs were chosen over male ones for easier handling in
the animal care facility, due to their calmer nature.

All experiments were performed in the same accredited an-
imal facility. The experimental protocol was carried out in ac-
cordance with EU Directive 2010/63/EU and institutional guide-
lines for animal experiments. It was approved by the scientific
committee of our institution, the ethics committee for animal
experimentation n°INSERM-034, and the Ministry of National
Education, Higher Education and Research (agreement number:
project n°2 022 120 817 007 429 – V8 APAFiS # 42 094).

2.8.2. Anesthesia

All procedures were performed in sterile conditions in an oper-
ating room at the research facility of Laboratoire de Recherches
Biochirurgicales de la Fondation Alain Carpentier [PARCCeIN-
SERM], under general anesthesia after a fasting period of 24
h. The induction was performed by an injection of 4 mg kg−1

of propofol and 0.5 mg kg−1 of morphine hydrochloride intra-
venously. The animals were intubated and placed under con-
trolled ventilation. Anesthesia was achieved by inhalation of 3 –
5% isoflurane in 100% oxygen, delivered at a rate of 1 L min−1.
A perfusion of Ringer’s lactate was implemented at a rate of 10
– 20 mL kg−1 h−1. Antibiotic prophylactic therapy was performed
with an intravenous injection of 15 mg kg−1 cefamandole.

2.8.3. PDT Implantation in the Sterno-Cephalic Muscle

The skin was incised with a 15 cm median sagittal cervical in-
cision. This approach enabled dissection of the sternocephalic
muscle with preservation of the superior-anterior vascular pedi-
cle and collaterals, and minimal dissection of the tracheal, thyroid
and esophageal structures. Prior to implantation, the PDT was
stented and stretched with a clinical-grade silicone stent (Rutter
supra-stomal stent, Boston Medical Products, Shrewsbury, MA,
USA). The stent was occluded on both sides. The PDT was then
tensioned over the stent with two Ethibond 2/0 sutures (Ethicon,
Johnson&Johnson France, 92 787 Issy-les-Moulineaux) at each
end. The objectives of stenting were to avoid PDT retraction,
proliferation of endoluminal fibroblasts and fluid sequestration,
to avoid infection. The tensioning was intended to increase the
contact surface of the inter-annular spaces with the recipient’s
muscle tissue, to promote neovascularization. The stented PDT
was placed within the sterno-cephalic compartment. This com-
partment was sutured to itself using Vicryl 2/0 (Ethicon, John-
son&Johnson France, 92 787 Issy-les-Moulineaux). The white
line was sutured with Vicryl 2/0. The skin was sutured in 3 plans
with Vicryl 2/0. Antibiotic spray was applied to the skin scar. The
scar was left open air for reasons of poor dressing tolerance and
clinical monitoring.
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2.8.4. PDT Explantation

After 28 days, the anesthetic procedures were similar. The previ-
ous incision was repeated and the PTD was harvested together
with the adjacent muscle into which it had been revascularized.
The native trachea was removed at the end of the procedure.

2.8.5. Local and Systemic Immune Response to the PDT

Local immune response induced by the PDT and vascularization
were studied on deparaffinized histological sections. Immuno-
histology was performed with antibodies directed against CD3
(clone SP7; rabbit monoclonal antibody; Epredia Netherlands,
Da Breda, NL), actin (clone 1A4, mouse monoclonal antibody;
Agilent Dako, Agilent Technologies France, LES ULIS) and von
Willebrand factor (rabbit polyclonal antibody; Agilent Dako). Na-
tive tracheas were used as control samples.

To study the systemic immune response, blood samples were
taken during each general anesthesia: before implantation of
the PDT (Day 0) and before explantation of the PDT (Day 28).
K3-EDTA tubes (BD Vacutainer, ref 368 270, Becton Diskinson
France, Rungis) were used for complete blood count, and tubes
containing a separating gel and coagulation activator (BD Vacu-
tainer, SST II Advance, ref 367 953, Becton Dickinson France,
Rungis) were used to prepare serum samples for C-reactive pro-
tein (CRP) analysis.

Complete blood counts were performed by XN analyzers (Sys-
mex) and reviewed by a senior hematologist familiar with porcine
blood cells.

Serum samples were prepared by centrifugation of the tubes
at 3000 rpm. All samples were frozen at −80 °C before anal-
ysis. C reactive protein (CRP) was quantified by ELISA, using
the Porcine C-Reactive Protein/CRP DuoSet ELISA kit (R&D sys-
tems), according to the manufacturer’s instructions. Absorbance
at 450 nm was measured using a VarioskanLux plate reader
(Thermo scientific).

2.9. Statistical Analysis

Commercial computer statistical software (GraphPad Software
Inc., USA) was used for statistical analysis. A p-value of less
than 0.05 was considered to be statistically significant. Descrip-
tive statistics are presented as column bars with mean and stan-
dard deviation.

Statistical tests for non-parametric distributions were used:
Mann-Whitney test (DNA concentrations before and after decel-
lularization and radial compression tests) and one-way ANOVA
(cell viability). T-test was used for comparison of mean values in
parametric distribution.

3. Results

3.1. Partial Decellularization Protocol was Effective

3.1.1. Sterility

All the tested tracheas were positive for bacterial and fungal
growth before decontamination. Incubation with ATB/ATM re-

moved all bacterial and fungal contamination. After the decel-
lularization process, every sample was negative for bacterial and
fungal presence (Table 1). After cryopreservation and thawing, no
contamination was reported, neither bacterial nor fungal.

3.1.2. Histology

To assess the efficacy of the decellularization, histological exam-
inations were performed on native tracheas, as well as on fresh
and cryopreserved PDTs. HES staining showed that partial de-
cellularization removed all cells and nuclei from the epithelium,
the mucosa, the submucosal glands, the muscle and the blood
vessels, but not from the tracheal cartilage, as expected (Figure 2
and S1, Supporting Information). Picrosirius red (PSR) and Or-
cein staining demonstrated the preservation of collagen and elas-
tic fibers respectively, after decellularization and after cryopreser-
vation. Blue alcian staining demonstrated the retention of gly-
cosaminoglycans (GAGs) within the cartilage after decellulariza-
tion and cryopreservation (Figure 2).

3.1.3. DNA Quantification and Qualification in the Mucosa

The DNA content of the native tracheal mucosa was 344.8 ±
244.8 ng mg−1 and that of PDT mucosa was 33.42± 26.7 ng mg−1.
This corresponds to a 90.4% DNA elimination after decellular-
ization (Figure 3A). DNA concentrations in the PDT were below
50 ng mg−1 and were therefore in accordance with Badylak’s val-
ues for tissue decellularization standards.[27]

Furthermore, electrophoresis on agarose gel of the extracted
DNA showed that in the native tracheas, DNA fragment size ex-
ceeded 1000 bp. In the PDT mucosa, no DNA fragments were
visible (Figure 3B). This result is also in compliance with Bady-
lak’s decellularization recommendations.[27]

3.1.4. Scanning Electron Microscopy

Scanning electron microscopy (Figure 3C) of native tracheas
showed the presence of a lining of ciliated epithelial cells and
goblet cells within the lumen. As for the cartilage, as expected,
it was composed of a dense ECM, embedding the chondrocytes.
After decellularization, all epithelial cells were removed but chon-
drocyte debris were still present. As for the ECM, some disorga-
nization of the fibers on the outer side of the PDT was visible. No
visible damage was present in the cross-section of the cartilage,
suggesting that the decellularization process does not negatively
impact the cartilage ECM structure.

3.1.5. Biomechanical Properties

Cryopreserved and decellularized tracheal segments were less re-
sistant to pressure compared to native tracheal segments, with a
decrease from 3.36 ± 1.42 N (Native, n = 34) to 1.49 ± 0.37 N
(cryopreserved native trachea, n = 8) and 0.88 ± 0.22 N (PDT, n
= 9) (Figure 3D, Figure S2, Supporting Information). Neverthe-
less, we did not observe any spontaneous collapse in the PDT.

Adv. Biology 2024, 8, 2400208 2400208 (6 of 15) © 2024 The Author(s). Advanced Biology published by Wiley-VCH GmbH
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Table 1. Microbiological controls at different stages of the process.

Microbiological results at different stages of the process

Samples Before decontamination
with antibiotics

After 24 h of decontamination
with antibiotics

After decellularization/ before
cryopreservation

After decellularization,
cryopreservation and thawing

# 1 Positive Negative Negative Negative

# 2 Positive Negative Negative Negative

# 3 Positive Negative Negative Negative

# 4 Positive Negative Negative Negative

3.2. PDT was not Cytotoxic In Vitro

3.2.1. Preliminary Study of SDS Cytotoxic Concentration Threshold

Positive controls, corresponding to cells cultured in medium con-
taining 10% or 2% BCS, showed a high viability (Figure 4A). The
range of SDS dilutions on Balb/3T3 cells showed that they were
alive for SDS-concentrations of 0.006% and below, correspond-
ing to 60 ng mL−1. At slightly higher concentrations (0007%), cell

death was reproducible. This concentration of 0.006% was sub-
sequently adopted as the cytotoxicity threshold of SDS.

3.2.2. Cytotoxicity of PDT on Balb/3T3 Cells

In live microscopy, the PDT supernatant was toxic on Balb/3T3
after 48 h of filtration on the charcoal cartridge, showing that SDS
released from the PDT reached cytotoxic concentrations. After

Figure 2. Histology of a porcine tracheas: Fresh Native trachea, Cryopreserved Native trachea, Partially Decellularized Trachea (PDT), and cryopreserved
PDT are shown after staining with hematoxylin-eosin-saffron (HES) for the general structure, Picrosirius red for collagen, orcein for elastic fibers and
Alcian Blue for glycosaminoglycans. Epithelium (e), sub-mucosa (sm), sub-mucosal gland (g) and cartilage (c) are shown in HES native trachea. Scale
bars = 500 μm. PDT: Partially decellularized trachea. White arrows: elastic fibers, black arrow: glycosaminoglycans.

Adv. Biology 2024, 8, 2400208 2400208 (7 of 15) © 2024 The Author(s). Advanced Biology published by Wiley-VCH GmbH
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Figure 3. A) DNA quantity (ng mg−1 wet tissue) in native trachea and PDT mucosa. Donor matched tracheas were assessed and data were analyzed
using a Mann-Whitney test (**** = p < 0.0001), n = 30. Mean DNA quantity in the native tracheas and PDT were 382.4 ± 244.8 ng mg−1 and 40.10 ±
26.76, respectively. B) DNA electrophoresis on agarose gel. DNA extracted from 30-mg mucosal sample of four matched tracheas were assessed, before
and after decellularization. C) Scanning electron microscopy (SEM) images of the lumen surface and cross-section showing the cartilage of porcine
native trachea and PDT samples. Scale bar = 50 μm. D) Radial compression of native tracheas, cryopreserved tracheas and PDT. Four-ring cartilage
circular samples were compressed until occlusion. The results represent the mean force needed for 50% occlusion of the initial sample diameter (Mean
load at 50%). Native tracheas: n = 34, mean: 3.364 ± 1.425 N; Native cryopreserved tracheas: n = 8, mean: 1.494 ± 0.3754 N; PDT: n = 9, mean: 0.8844
± 0.2240. The statistical test Mann-Whitney was applied with a p value < 0.0001 for both comparisons of fresh native versus cryopreserved tracheas,
and fresh native versus PDT.PDT: partially decellularized trachea.

96 h of detoxification, the PDT supernatant was not cytotoxic any-
more and cells were alive (Figure 4B). These results were quanti-
fied by flow cytometry. At 96 h, the percentage of viable Balb/3T3
cells (Annexin V−/ PI−) cultured in the presence of PDT super-
natant was not different than the control conditions, with a via-
bility of 91.74 ± 2.35 with 10% CBS, 73.23 ± 9.92 with 2% CBS,
3.83 ± 1.08 with SDS 0.01% and 83.24 ± 7.14% with PDT super-
natants (Figure 4C). These results demonstrated the absence of
cytotoxicity induced by the PDT after the partial decellularization
process.

3.2.3. BEAS-2B Epithelial Cell Seeding on PDT

Cell seeding with epithelial BEAS-2B cell line showed that these
cells could adhere to the PDT, both to the cartilage and the con-
nective tissue, and proliferate (Figure 4D). Comparison with the
unseeded PDT patch, confirmed the absence of infiltration and

colonization inside the cartilage. These results confirmed the bio-
compatibility of the PDT in vitro, by a direct method.

3.2.4. Residual SDS Quantification

The activated charcoal cartridge was effective at removing diluted
SDS in water as there was no detectable SDS after 1 h of filtration
(Figure 4E,F). Nevertheless, this rapid SDS elimination time cor-
responded to free SDS in a solution. Therefore, in order to evalu-
ate the residual SDS trapped in the PDT, SDS quantification was
performed directly on PDT rinsing supernatants. The first rins-
ing steps strongly eliminated the SDS but the levels remained
above the cytotoxic threshold. Filtration on activated charcoal car-
tridge completely eliminated the SDS (Figure 4G). After 96 h of
detoxification, no SDS could be detected in the tissue lysate su-
pernatants obtained from PDT samples, showing an efficient re-
moval of this detergent from tissues as well.

Adv. Biology 2024, 8, 2400208 2400208 (8 of 15) © 2024 The Author(s). Advanced Biology published by Wiley-VCH GmbH
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3.3. PDT was Biocompatible In Vivo

PDT were implanted in 3 pigs for 28 days. The pigs were mon-
itored daily during this maturation period. No episodes of fever,
general or local infection were reported. The pigs were in good
health and showed no particular discomfort from the presence of
the PDT or the scar.

Macroscopically, on excision, PDT were found within a typical
fibrous gangue of a foreign-body reaction. There were no local
signs of inflammation or infection, except for one pig which had
a 1-cm subcutaneous abscess on a suture, not seen during clinical
follow-up, with no extension to the implantation zone. After stent
removal, the PDT was of satisfactory caliber, the cartilage rings
were intact, there was no necrotic area. A rough test of the biome-
chanical properties was performed: to the touch, they appeared to
have properties similar to those of native tracheas. They did not
collapse and maintained their caliber over time (Figure 5A).

The length of the matured PDT was increased by an average of
23.5% due to the tension imposed during the maturation phase
(Figure 5B). The purpose of this tension was to better expose the
interannular ligaments to facilitate vascularization. The diame-
ter, on the other hand, was reduced by an average of 24.5%. Dur-
ing maturation, the PDTs retracted around the 15-mm endolu-
minal stent.

3.3.1. Systemic Immune Response

Complete blood cell counts before PDT implantation (Day 0) and
28 days after implantation (Day 28) were compared (Figure 5C).
On Day 28, there was no hyperleukocytosis or anemia. One pig
had an isolated increase in platelets, with no clinical symptoms,
except a centimetric CRP decreased during the implantation pe-
riod, with no clinical evidence. The concentrations detected (D0:
6.9 mg L−1, D28: 0.7 mg L−1) remained within a physiological
range[28,29] (Figure 5D).

3.3.2. Local Response and Tissue Remodeling

3.3.2.1. Vascularization: Vascularization was one of the main
criteria of the biocompatibility of the PDT. It was therefore evalu-

ated in vivo and histologically. To begin with, no necrosis of mus-
cle surrounding the PTD was observed, showing the absence of
toxicity and vascular erosion induced by the PDT. Furthermore,
before euthanasia and explantation, small lesions were created
in the implanted PDT to observe bleeding. This indeed resulted
in the formation of blood droplets at these sites. In order to ob-
serve blood vessel formation within the PDT, histological sections
of the implanted PDT were stained with vWF which identifies
endothelial cells covering the newly formed blood vessels. This
staining showed the presence of angiogenesis in the mucosa and
adventice. The position of the newly formed vessels was compa-
rable to the native trachea (Figure 6A).

3.3.2.2. Histology and Immune Cell Infiltration: HES staining
showed that the overall architecture of the PDT was preserved.
On all sections analyzed, the cartilaginous ECM was intact. There
was neither cartilage, nor contact muscle lysis. The inner sur-
face of the trachea was the site of a large fibrinous neo-tissue
formation in the process of reorganization. Numerous cells had
colonized the PDT (Figure 6A, HES and HES insert). This neo-
formed tissue was also observed in the external tunica of the tra-
chea where it distended the intercartilaginous spaces. Picrosirius
red showed the preservation of collagen. Orcein stained elastic
fibers were still present in the submucosal site. GAGs were also
highly preserved, mainly in the cartilage, as expected (Figure 6A).
Immunostaining of actin showed that infiltrating cells are mainly
myofibroblasts, participating to the scar tissue formation. No
massive lymphocyte infiltration was detected in the PDTs and
only a few CD3+ cells were visible in the submucosal space.
This was comparable to the native trachea, showing no signs
of graft rejection. Neovascularization was confirmed by a large
number of endothelial cells, labeled with the anti-vWF antibody
(Figure 6B).

3.3.3. Scanning Electron Microscopy

The structure of the PDT was preserved after a 28-day maturation
period in the muscle (Figure 6C). On the cross sections, the carti-
laginous ECM seemed intact and well conserved. No major dam-
age was observed on the basal lamina. Signs of bio-integration
were evident and numerous cells colonized the lumen. These
data confirmed the histological observations.

Figure 4. In vitro cytotoxicity study. A) Viability of BALB/3T3 was assessed with decreasing concentrations of Sodium dodecylsulfate (SDS), ranging
from 0.01% to 0.001%. Positive controls were cells cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 10%, 2% calf bovine serum (CBS)
and the negative control was cells treated with 1% SDS. Fluorescence was assessed after a 48-h treatment with various SDS concentrations. Green
and red fluorescence were obtained by staining with LIVE/DEAD viability/cytotoxicity kit. Green (calcein) represents cell viability and red (ethidium
homodimer-1) represents cell death. The viability threshold is shown with a red line. Experiments were performed in duplicate. B) Viability of BALB/3T3
was evaluated in the presence of partially decellularized tracheas (PDT) supernatants, collected at two different time points during detoxification (48
and 96 h). Cell culture media for positive and negative controls were Dulbecco’s Modified Eagle Medium (DMEM) 10%, native trachea supernatant
after decontamination, and SDS 1%, respectively (n = 15). C) BALB/3T3 cell viability in the presence of PDT supernatant, analyzed by flow cytometry.
Cells were cultured for 48 h in control cell culture media: Bovine Calf Serum (BCS) 10% (n = 4), BCS 2% (n = 4) as positive controls and SDS 0.01%
(n = 2) as negative control. Cell viability with PDT supernatants (n = 10) were evaluated. Percentage of Annexin-V−/PI− is represented. Mean viability
percentages were: BCS 10%: 91.74 ± 2.35; BCS 2%: 73.23 ± 9.923; SDS 0.01%: 3.83 ± 1.08; PDT supernatants: 83.24 ± 7.14. Data were analyzed using
one-way ANOVA (**** = p < 0.0001). D) Hematoxylin and eosin-saffron (HES) staining of PDT alone, and PDT seeded with BEAS cells. BEAS attached
to perichondrium (white arrow). BEAS in conjunctive tissue (black arrow). Scale bars = 250 μm. E) Calibration measures of colorimetric dosage of SDS.
A standard range of SDS concentrations (triplicates) was used to validate a standard curve and the reliability of the measurements. Cytoxicity threshold
is represented, as found in (A). F) Adsorption of SDS by the charcoal cartridge. H0 SDS concentration was 0.01% and with a strong staining. From H1
onward, absorbance measurements were below the instrument’s detection limit. G) SDS quantified in the decellularization supernatant of the PDT, at
different timepoints of the protocol: beginning of the decellularization (initial SDS solution), after the four rinsing steps, and at different time points
after filtration on activated charcoal cartridge (n = 1). PDT samples: SDS released from 30-mg PDT tissue lysates (n = 4).
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Figure 5. In vivo maturation of PDT. A) The macroscopic aspect of the partially decellularized trachea (PDT) is shown before implantation and after
implantation after 28 days. Before implantation (Day 0), two of the four tension knots are visible (blue points). After 28 days of maturation (Day 28),
PDT was explanted with the surrounding tissue: top view, scar tissue is seen between PDT and sterno-cephalic muscle (white asterisk). In the lateral
view, there was no collapse and no inflammation inside the implanted PDT. B) Representation of changes in length and internal diameter of the trachea
during implantation in a muscle. Measurements were taken at the time of implantation, then after explantation and stent removal. C) Evolution of white
blood cells (WBC), lymphocytes (Ly), monocytes (Mono), granulocytes neutrophils (Neutro), Eosinophiles (eosino), basophils (baso), and platelets
(PLT) during implantation. D) C-Reactive Protein dosage at implantation (Day 0) and explantation (Day 28).

Collagen II, Laminin and DAPI Staining

For a detailed evaluation of ECM remodeling, a comparative
study on the native trachea, PDT before implantation, and PDT
after 28 days of implantation in the muscle was performed. Colla-
gen II and laminin staining showed that most of these ECM pro-
teins in the native trachea were found within the mucosa and the
submucosa. In the PDT, some of these proteins and their struc-
ture were lost, partly by an edema induced during decellulariza-
tion. In the implanted PDT, these proteins were preserved and
were reorganized. The edema was also absorbed (Figure 6D).

In the native trachea, DAPI showed a dense staining within
the compact epithelium. Less dense but strongly present nuclear
staining was observed in the submucosa and in the cartilage.
In comparison, in the PDT, no DAPI staining was observed in
the mucosa and the submucosa, while within the cartilage, cell

nuclei could be found, confirming an efficient partial decellular-
ization (Figure 6D, Figure S3, Supporting Information). In the
implanted PDT, a strong DAPI staining was observed, especially
within the submucosa (Figure 6D), confirming cell infiltration.

4. Discussion

Partial decellularization of the tracheal substitute was described
by Liu in 2000[17,18] and still is an active field of research. In-
deed, tracheal epithelium presents a strong immunogenicity and
is the first target of graft rejection[30] whereas the chondrocytes
are much less immunogenic. Therefore, partial decellularization,
focusing on the removal of epithelial and mucosal cells, while
preserving cartilage structure, prevents graft rejection, as well as
an obstruction of the tracheal lumen through the preservation of
optimal biomechanical properties.[22,31]
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Most tracheal decellularization protocols described in the lit-
erature remain research grade, with limited characterization of
the final product’s sterility, cytotoxicity and translational poten-
tial. The only clinical tracheal reconstructions with decellularized
tracheas, in compassionate use, applied a protocol of full decel-
lularization that took 3 weeks to prepare, with 25 cycles of deter-
gent enzymatic treatment[14] which most probably impaired carti-
lage biomechanical properties. The biochemical and biomechan-
ical characteristics, as well as residual detergent levels were not
described.[15] In a translational perspective of the development
of a standardized clinical grade protocol, we chose to optimize
the animal model, the decellularization protocol and products.
Furthermore, a number of systemic and local immunological re-
sponses to the PDT were studied.

To begin with, we chose a tracheal anatomical model as close
to humans as possible. The pig has a tracheal size and shape sim-
ilar to humans and is more relevant compared to smaller models
such as mice. Furthermore, the pig has a closer immune system
to humans. Therefore, this model presents an advantage in un-
derstanding the biointegration mechanisms in vivo.[25] For these
reasons, we chose to develop our decellularization protocol, as
well as the re-implantation in a porcine model.

We propose hereby a clinically relevant protocol for partial tra-
cheal decellularization that removes endotracheal epithelial cells
and submucosal cells. To ensure the clinical translational poten-
tial of our protocol, we adhered as much as possible to clinical
standards of Cell and Tissue products. This included the use of
medical grade products such as Pulmozyme and medical grade
activated charcoal cartridge, previously used by our team for the
development of a clinical grade decellularized esophagus.[26] Par-
ticular attention was paid to sterility, and an extended quality con-
trol including histology, cytotoxicity, and in vitro and in vivo bio-
compatibility. Most importantly, the results were reproducible,
demonstrating the reliability of the procedure.

Since our aim was to achieve decellularization of the mu-
cosa and submucosa, we increased the SDS treatment time com-
pared with Aoki’s protocol,[21] which still retrieved cells and
DNA in the submucosa after 3-h SDS exposure and could lead
to anti-inflammatory response linked to imperfect decellulariza-
tion. This treatment fully removed the cells and their genetic ma-
terials from the mucosa and submucosa, confirmed by histology
and DAPI staining. On the other hand, cell nuclei could be found
in the cartilage, as expected. We believe that after resection and
the decellularization procedure, no viable chondrocytes remain
in the cartilage. However, the presence of cell nuclei in this com-
partment shows that detergent infiltration is limited, reducing
the damage to the cartilage ECM. This is important for main-
taining the biomechanical properties of the PDT.

For future clinical use, a cryopreservation protocol was devel-
oped in order to prepare a bank of PDT. For the cryopreservation
medium, we used RPMI supplemented with 10% DMSO and

0.8% albumin. This medium is used in routine for the cryopreser-
vation of aorta, as well as clinical grade decellularized esophagi
by the human Tissue Bank of the AP-HP.[26] Our protocol con-
sisted of an overnight freezing at −20 °C, followed by a long-term
storage at −80 ° C. This protocol allowed preserving the general
structure of the trachea and the sterility. However, the mechanical
testing showed that cryopreservation partially compromised the
biomechanical properties. These results were comparable to the
PDT. Even though in histology, no major damage was observed
in cryopreserved tracheas, the loss of rigidity could be linked to
microfractures that could not be observed by this method. Fur-
thermore, this could be explained by a loss of contractile muscles
after cryopreservation and decellularization, that intervene in the
biomechanical properties of the trachea.[32] To reduce the effect of
cryopreservation, a new protocol including a controlled tempera-
ture drop is currently being tested. Quick cooling by a vitrification
procedure could be an interesting alternative technique.[33,34]

To evaluate in vivo biointegration, we decided to implant the
PDT in the sterno-cephalic muscle. Indeed, like other decellu-
larized tissues, the PDT first needs to be revascularized within
the recipient organism (heterotopic graft) before orthotopic re-
placement. This neovascularization can be achieved by grafting
the decellularized tissues in a muscle, the grand omentum or
a skin flap. In large animals, this two-stage process is widely
accepted.[35–38] The same procedure has also been used in hu-
mans by Delaere.[20] During the maturation phase, the PDT,
which is not yet vascularized, is stented to avoid the formation of
a collection and to prevent it from retracting. In our in vivo study,
we used a similar approach, by maturing the PDT in a muscle
compartment for 28 days. The results were promising, showing
an efficient neo-vascularization and biointegration without signs
of rejection. Especially, no extensive local lymphocyte infiltration
was seen. Moreover, no biological sign of graft rejection was no-
ticed.

Contrary to the study by Haykal et al.[39] but in line with our
previous work,[40] we did not add MSC during the implantation
phase. MSCs have not been shown to improve the biointegration
of a decellularized esophageal matrix, nor have they been shown
to improve immunomodulation. On the other hand, we believe
that recellularization with autologous epithelial cells could be
highly beneficial for limiting fibroblast and lymphocyte prolifer-
ation, as well as for preventing infection through a muco-ciliary
barrier.[41,42]

In consideration of a future clinical application, it is also im-
portant to apply the regulatory constraints of production required
by health authorities. If used alone, the PDT can fall into the cat-
egory of Cell and Tissue (CT) products. If cells are expanded in
vitro and reseeded on PDT, the combined product becomes an
Advanced Therapy Medicinal Product. In both cases, the final
PDT should be produced in a specific GMP facility, with exten-
sive quality control criteria. In order to facilitate future technology

Figure 6. Immune and inflammatory response to implantation. A) Comparison of immunostaining between native trachea and reimplanted PDT with
anti Von Willebrand Factor (vWF), Actin and CD3 antibodies. CD3+ cells are shown with black arrows. Scale bar = 250 μm, except insert, scale bar =
100 μm. B) Histological studies of a partially decellularized trachea (PDT) after 28 days of muscular implantation are shown using hematoxylin-eosin-
saffron (HES) for the general structure, Picrosirius red (PSR) for collagen, orcein for elastic fibers and Alcian blue for glycosaminoglycan staining. Scale
bar = 500 μm, except insert 100 μm. C) Scanning electron microscopy (SEM) images of external surface, cross-section and lumen surface of implanted
PDT sample. Scale bar = 100 μm. D) Immunofluorescence of native trachea and PDT with anti-collagen II (orange) and laminin (red) antibodies. Scale
bar = 200 μm.
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transfer to a clinical grade production facility, we worked in
strong collaboration with the human tissue bank throughout the
whole process. Our team has shown a similar approach in the
development of clinical grade decellularized esophagi as well[26]

which is currently being evaluated for a phase I/II clinical trial.
Furthermore, it is important to evaluate the efficiency of the

clinical grade PDT in vivo, in a large animal model by a long-
term follow-up, in order to have a clearer view of biointegration
and the immune response. The next step is also to evaluate the
efficacy of the PDT implanted in an orthotopic position, for a cir-
cumferential replacement of the trachea.

5. Conclusion

Despite a large number of reported studies on the development of
decellularized tracheal protocols, most of them remain research
grade, with limited characterization of the final product, mainly
its sterility and toxicity. We hereby report a reliable and repro-
ducible clinical grade PDT. The first in vivo results showed an ex-
cellent biointegration in a heterotopic position. These results are
promising and will be pursued for the replacement of a circum-
ferential tracheal replacement. The ultimate goal of this project
is the development of a clinical trial.
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