
Use of supercritical carbon dioxide for
decellularization of porcine trachea in an
attempt to generate a tissue-engineered

tracheal substitute

Master of Science - Thesis
Daniëlle van Dis

July 23, 2021



Use of supercritical carbon dioxide for
decellularization of porcine trachea in an
attempt to generate a tissue-engineered

tracheal substitute
by

Daniëlle van Dis
in partial fulfilment of the requirements for the degree of

Master of Science
in Biomedical Engineering

at the Delft University of Technology,
to be defended publicly on Friday, July 23, 2021 at 09:30

Supervisors: Dr. E. Oosterwijk Radboud University Medical Centre
R. de Wit Radboud University Medical Centre
Dr. ir. E.L. FratilaApachitei Delft University of Technology

Thesis committee: Prof. dr. ir. A.A. Zadpoor Delft University of Technology
Dr. ir. E.L. FratilaApachitei Delft University of Technology
Dr. E. Oosterwijk Radboud University Medical Centre
Dr. M.M.A. Verstegen Erasmus Medical Centre

An electronic version of this thesis is available at http://repository.tudelft.nl/.

http://repository.tudelft.nl/


Abstract
Purpose: Patients with tracheal lesions that exceed half of the trachea’s total length require a tracheal
substitute. Tissue engineering, using either synthetic materials or decellularized tracheal tissue, opens
up new possibilities for generating tracheal substitutes. Decellularization, a procedure in which the
tissue’s immunogenic cellular material is removed while the extracellular matrix (ECM) is preserved,
seems the most promising approach. The majority of tracheal decellularization methods, however, are
reliant on harsh chemicals and require lengthy wash procedures, resulting in damage to the ECM. To
address these issues, a supercritical carbon dioxide (scCO2) decellularization approach has been sug
gested as an alternative solution due to its ability to both decellularize and sterilize tissues while leaving
no toxic residues and requiring less treatment time. Therefore, the aim of this thesis was to compare
scCO2 treatment with a chemical decellularization method, which is the current gold standard reported
in literature, for creating a decellularized porcine tracheal scaffold with good cytocompatibility.
Methods: A total of five different protocols were tested that varied in decellularization and steriliza
tion methods used. Decellularization efficiency was evaluated in terms of DNA content, histological
appearance, and retention of ECM components. Additionally, mechanical tensile testing and scanning
electron microscopy were used to assess the effects of the different decellularization protocols. Further,
decellularized scaffolds were recellularized with fibrinencapsulated porcine adipose derived stem cells
to assess the cytocompatibility of the scaffolds.
Results: The highest reduction in DNA content was observed when samples were subjected to the
vacuumassisted detergentenzymatic method (DEM), followed by sterilization with gamma irradiation,
and when samples were subjected to scCO2 treatment, followed by washing with sodium hydroxide.
The latter protocol, however, also negatively impacted the ECM, whereas good preservation of ECM
components was seen with the DEM protocol. DNA and histological analysis showed that treatment
with scCO2 in combination with a hydrogen peroxide (H2O2) washing step was unable to completely
decellularize porcine tracheas. Static surface seeding of the decellularized scaffolds led to poor cell
adherence. Cells encapsulated in fibrin and seeded on the tracheal scaffolds were able to adhere and
survive, showing the cytocompatibility of the decellularized scaffolds.
Conclusions: Decellularization with scCO2 in combination with a H2O2 washing step was not success
ful in completely decellularizing the porcine tracheas, and possibly requires the use of a cosolvent or
secondary agent for successful decellularization. For recellularization of decellularized tracheal scaf
folds, the use of fibrin as a cell carrier is an effective and simple seeding method. The findings in this
thesis open up new avenues for potential optimizations in future research.
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1
Introduction

Tracheal lesions are uncommon, yet they pose a significant challenge for thoracic surgeons [1]. At first,
the trachea was considered to be a simple structure to reconstruct [2]. However, published work to date
has shown that the trachea’s complex structure makes tracheal reconstruction a significant challenge.

The trachea is a hollow framework comprised of a series of 18 to 22 Cshaped cartilaginous rings
that are interconnected with ligaments (Figure 1.1) [3, 4]. Posteriorly, the semicircular cartilaginous
rings are bridged by trachealis muscle [4]. The fibrocartilaginous structure is key for maintaining an
open conduit and providing the trachea with the necessary longitudinal stability for neck movement,
voice, and swallowing [4,5]. The internal mucosal lining is perfused by blood vessels that penetrate the
intercartilaginous ligaments [5]. This mucosal lining is comprised of pseudostratified epithelium, which
aids in mucosal secretion clearance and serves as a barrier against infection [4,6]. The epithelium rests
on the basement membrane, a specialized form of extracellular matrix (ECM) that acts as a barrier for
epithelial cell attachment and proliferation [2, 7]. The underlying lamina propria is comprised of many
elastic fibers and forms, together with the basement membrane and the epithelium, the mucosa [4]. Un
derneath the mucosa is the submucosa which is comprised of loose areolar connective tissue in which
seromucous tubular glands reside [2,4]. The outer connective tissue layer of the trachea is called the
adventitia, and houses fibroblasts, nerves, lymphatics and blood vessels [2,4].

Tracheal lesions can be divided into two categories, namely acquired and congenital lesions. Tra
cheomalacia and congenital tracheal stenosis are the two most common congenital tracheal lesions [9].
Congenital tracheal stenosis affects around one in every 64,500 live births, whereas the incidence rate
of tracheomalacia is unknown [9, 10]. Iatrogenic injury during or after tracheostomy or endotracheal
intubation are the most common causes of acquired benign tracheal stenosis [11, 12]. The estimated
incidence rate of adult postintubation laryngotracheal stenosis is around 4.9 people per million per

Figure 1.1: Tissue layers present in the trachea. Obtained from [8].
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year [13]. Other etiologies for acquired tracheal stenosis are infection, external trauma and autoim
mune diseases [2, 14]. Tracheal malignancies are rare, affecting approximately 1.4 to 2.6 people per
million per year [15, 16]. Squamous cell carcinoma and adenoid cystic carcinoma are the two most
prevalent histological types, accounting for approximately 60% of all primary tumors in the trachea [15].

Shortsegment tracheal lesions, e.g. comprising less than 50% of the length of the trachea, can
be repaired using a variety of methods, of which tracheal resection accompanied by direct endtoend
anastomosis is the gold standard [5]. This curative procedure is often successful with low mortality
rates [17, 18]. Yet, anastomotic complications such as granulation at the anastomosis site, stenosis,
and separation may occur after resection [18]. While these complications are rare, they can cause
significant morbidity [18]. Diabetes mellitus, reoperation, the need for preoperative tracheostomy,
laryngotracheal resection, pediatric patients, and resections ≥ 4 cm are all risk factors that increase
the complication rate, as identified by Wright et al. [18]. Other treatment options are required for these
socalled complicated shortsegment tracheal lesions [5]. Common treatment options include the use
of cartilage grafts, anterior tracheoplasty, and free tracheal autografts, all with their own advantages
and disadvantages [5].

Resection is no longer an option for longsegment tracheal lesions, characterized as lesions that are
longer than half the tracheal length in adults or one third the tracheal length in children, since it would
result in high mechanical stress at the anastomosis site [19]. However, there are few other options for
this particular patient group. Temporary treatment options for longsegment tracheal lesions include
mechanical dilatation, laser treatment and stent placement [20, 21]. Palliative stenting has numerous
disadvantages, including granulation formation, loss of mucocilliary transport, infection and stent dis
placement [22]. Furthermore, these temporary treatment options often require repetitive treatment due
to, e.g., excessive scar tissue formation and restenosis [20].

Curative treatment of longsegment tracheal lesions, however, remains an unresolved issue that
necessitates the use of a tracheal substitute [5,23]. The ideal trachea substitute, according to Belsey,
Grillo and many other researchers in the field, should be laterally rigid, longitudinally flexible, airtight,
biocompatible, nonimmunogenic, nontoxic and expandable [23–25].

Over the years, extensive research has been invested into trying to find the ideal tracheal substitute.
These techniques were classified into five categories by Grillo: foreign materials, nonviable tissues,
autogenous tissues, tracheal transplantation and tissue engineering [23]. Synthetic prostheses have
been linked to many problems, including graft migration, dislodgement, erosion of surrounding tissue,
obstruction with granulation tissue and infection [23, 26]. Implantation of nonviable tissues led to scar
tissue formation and necrosis of the epithelium and cartilaginous rings [27,28]. Tracheal transplantation
necessitates lifelong immunosuppressive therapy which is especially undesirable for cancer patients
and lacks sufficient revascularization resulting in stenosis and obstruction [25]. Conduit allografts and
autografts (such as esophagus, bowel, aorta, and trachea) used for tracheal replacement often have
poor mechanical properties, are limited by the lack of donors, and are associated with remodeling after
implantation, resulting in formation of scar tissue, obstruction and eventually graft failure [23]. Further
more, due to the poor mechanical properties of these allografts, additional stent placement is required,
which is again associated with complications such as inflammation and infection [25]. Reconstruction
with autogenous tissue either as patches or as a tubular structure, e.g. skin flaps supported with carti
lage strips [29], have also shown limited success due to failure of healing [23]. Tissue engineering (TE)
seems to be a more attractive option for regenerating a tracheal substitute. However, no clinical suc
cesses involving tissueengineered structures have been reported to date, and there are still several
hurdles to overcome in this field.

The socalled TE triad forms the basis of TE research and is comprised of three main elements:
cells, signaling molecules, and a scaffold [8, 30, 31]. In this context, the scaffold, in combination with
the signaling molecules, provides the structural and mechanical support and modulates cellular behav
ior [30, 31]. In tracheal TE, two main material types for preparation of scaffolds can be distinguished,
namely synthetic materials and decellularized tracheal tissue [32]. Synthetic polymeric scaffolds have
several advantages. They are simple to sterilize and manufacture, eliminate the need for donor tissue
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and can be tailored to fit the patient’s specific needs [32,33]. Another major advantage is that the scaf
fold’s properties are relatively easy to control and can be adjusted to regulate cell behavior [30,32,33].
To date, however, synthetic scaffolds show poor outcomes in vivo, mainly as a result of delayed epithe
lialization and lack of revascularization [34,35]. This is largely attributed to the poor biocompatibility of
synthetic scaffolds and the absence of the unique ECM composition of the native trachea [36,37].

Decellularization of tracheal donor tissue is considered more interesting. The aim of the decellular
ization procedure is to eliminate any cells and cellular material that could potentially cause an adverse
immune response when the scaffold is implanted in vivo, while preserving as much of the biochemi
cal and structural composition of native extracellular matrix (ECM) as possible [30,36]. Decellularized
scaffolds have been shown to possess antiinflammatory properties and promote constructive tissue
remodeling upon implantation; a process that includes the formation of “de novo, siteappropriate tis
sue” [37–39].

Chemical, enzymatic and physical methods, or a combination of these methods, are utilized to de
cellularize the native tissue [30]. Subsequently, the decellularized tissue can be recellularized with
autologous cells to create a functional, patientspecific tissue [30]. A major drawback, however, is that
for obtaining decellularized tracheal scaffolds donor tissue is still required [36]. Furthermore, variability
in donor tissue results in low reproducibility [40].

Currently, decellularized tracheal scaffolds are often prepared by the socalled detergentenzymatic
method (DEM), which makes use of the detergent sodium deoxycholate (SDC) and the enzyme de
oxyribonuclease (DNase) to remove cells and cellular remnants from the tissue [41–43]. Although
this method has proven to be effective, the decellularization process takes several weeks to complete
and has been shown to result in loss of ECM components, such as collagen and glycosaminoglycans
(GAGs) [41, 42]. In 2015, Lange et al. published a modification of the DEM, namely an accelerated
vacuumassisted decellularization protocol, which resulted in a significant reduction in treatment time
and increased reproducibility [44,45]. However, this method still requires the use of chemicals and en
zymes in the decellularization process, which has several drawbacks. Detergents are strongly cytotoxic,
and if residual chemicals are present in the tissue, they could be toxic to host cells when implanted in
vivo or impair cellular growth when the scaffold is recellularized [30,46,47]. Furthermore, since residual
nucleases are difficult to remove from tissue, lengthy, time consuming wash procedures are needed to
limit the risk of an adverse immune response [47, 48]. Along with this, chemical and enzymatic decel
lularization approaches almost certainly result in (some) disruption of ECM ultrastructure proteins and
require an additional sterilization step [30,47–49].

Thus, innovative, safer decellularization strategies that eliminate the use of harsh chemicals are
needed [50]. In recent years, supercritical carbon dioxide (scCO2) has been used as an alternative
decellularization approach. scCO2 is a fluid state of CO2, that occurs when CO2 is compressed and
heated above its critical pressure and temperature (304.2 K and 7.38 MPa, respectively) (Figure 1.2)
[51].

Figure 1.2: Phase diagram for CO2. Tc and pc are the temperature and pressure of CO2 beyond the critical values,
respectively. Above these values CO2 becomes a supercritical fluid. Obtained from [51].
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scCO2 possesses the attractive properties of being relatively inert, nontoxic, environmentally friendly,
inexpensive, readily available in nature and nonflammable [48, 50]. Along with this, scCO2 holds a
unique combination of gaslike and liquidlike properties, meaning scCO2 exhibits liquidlike density
but low viscosity and high diffusivity [48, 51]. Because of these unique properties, along with its zero
surface tension, scCO2 can serve as a good solvent and permeate dense matrices, without leaving
behind any toxic traces inside the tissue or affecting the material’s mechanical properties [30, 50–52].
Another great advantage of scCO2 is that it is also an effective sterilization technique, eliminating the
need for an additional sterilization step [48].

Hence, it was hypothesized that with a scCO2 decellularization approach an offtheshelf, sterile,
decellularized tracheal substitute could be obtained in less time than when using the vaccumassisted
decellularization method. Therefore, the aim of this thesis was to assess the potential of using scCO2
for decellularizing porcine tracheal tissue. For this purpose, three objectives were defined: (1) analyze
and compare the efficiency of scCO2 decellularization of porcine trachea with the vacuumassisted
decellularization method, (2) assess the biocompatibility of the decellularized tracheal matrices by re
cellularizing the scaffolds with stem cells, and (3) study the effect of cyclic loading on the chondrogenic
phenotype of the cells seeded on the decellularized matrices.



2
Materials and Methods

2.1. Assessment of decellularization efficiency
2.1.1. Trachea harvesting and decellularization
Tracheas from landrace pigs involved in unrelated experiments with planned termination were used for
decellularization. The approximate length of each tracheawas 10 cm. The tracheaswere decellularized
by the vacuumassisted detergentenzymatic method (DEM) or the supercritical carbon dioxide (scCO2)
method and were sterilized using various procedures. A total of six groups were defined and are
displayed in table 2.1. These groups will be addressed in this thesis as scCO2(I), scCO2(II), scCO2(III),
DEMethanol, DEMgamma and native trachea.

Decellularization process with scCO2

Tracheal scaffolds that were decellularized using scCO2 were prepared by HCM Medical (Nijmegen,
the Netherlands). In brief, the tracheas were washed, cut into smaller pieces and treated with scCO2.
During scCO2 processing, the temperature was set at 37◦C at a pressure of 250 bar for a time period of
12 hours and a constant flow of CO2 was used. After scCO2 processing, tissues were washed with 25%
hydrogen peroxide (H2O2) for 60 minutes and multiple times with water afterwards. For the scCO2(I)
method, this was followed by an additional washing step with 1.25 M sodium hydroxide (NaOH) for 30
minutes and several washes in water. For all tissues, the pH value of the last washing step was set at
7.4 ± 0.2. Subsequently, all tissues were freeze dried under vacuum conditions for 3 days. The first
drying step was set at a temperature of 20◦C, followed by drying steps at 5◦C and 20◦C. Following
freeze drying, scaffolds were sterilized using either gamma irradiation at a minimum dose of 25 kGy
(methods scCO2(I) and scCO2(II)) or scCO2 (method scCO2(III)). For sterilization with scCO2 the
temperature was set at 35◦C at a pressure of 160 bar for 4 hours, and peracetic acid was used as a
cosolvent.

Table 2.1: Decellularization protocols used.

Group Decellularization protocol Sterilization method
scCO2(I) scCO2+H2O2+NaOH+freeze drying Gamma irradiation
scCO2(II) scCO2+H2O2+freeze drying Gamma irradiation
scCO2(III) scCO2+H2O2+freeze drying scCO2

DEMethanol Freeze+thaw+Triton X100/SDC
+DNase/RNase 70% ethanol

DEMgamma Freeze+thaw+Triton X100/SDC
+DNase/RNase Gamma irradiation

Native trachea Control; untreated trachea 

5
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Chemical decellularization
Decellularization of porcine tracheas using the vacuumassisted DEM was performed by a PhD student
at the department following the protocol as described by Lange et al. [44]. In brief, tracheal tissue was
frozen at 80◦C and subsequently thawed at room temperature (RT) for 1 to 2 hours. After thawing,
the tissue was incubated in a solution containing the detergents 0.25% Triton X100 and 0.25% sodium
deoxycholate (SDC) for 24 hours and incubated in DNase (2 kU/mL) and RNase (100 µg/mL) for 2× 24
hours, with washing steps in between the incubation steps. The complete decellularization protocol was
performed in a container in which a vacuum to <1000 Pa was created. After decellularization, tissues
in the DEMgamma group were sent to HCMMedical (Nijmegen, the Netherlands), where the scaffolds
were freezedried and sterilized with gamma irradiation using the same procedure as described in the
section Decellularization process with scCO2.

2.1.2. Biochemical analyses
Decellularized and native tracheal tissues were cut with a 6mm biopsy punch and weighed to deter
mine their dry weight. Subsequently, samples were incubated with phosphate buffered saline (PBS)
for 24 hours. After 24 hours, any excess water was removed with Whatman paper and the weight
of the samples was determined. Next, samples were digested in a phosphate buffer (0.1 M sodium
phosphate buffer, 5 mM Lcystein, and 5 mM EDTA) containing 140 µg/mL papain (from papaya latex,
SigmaAldrich) for 16 hours at 60◦C to completely digest the tissue samples. Subsequently, samples
were left to cool to RT before being centrifuged at 13,000 rpm for 10 minutes. The supernatant of each
sample was collected and stored at 20◦C until further analysis.

The QuantiT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific) was used to quantify dsDNA
contents. PicoGreen is a highly sensitive fluorescent probe that only fluoresces when bound to ds
DNA, making it ideal as a marker for cell numbers [53]. In brief, 28 µL of standards and samples were
added to a 96well plate, to which 72 µL of PicoGreen solution and 100 µL of TrisEDTA buffer was
added. After the plate was incubated in the dark for 10 minutes, the fluorescence was measured using
a microplate reader (Wallac 1420 Victor) at excitation/emission wavelengths of 485/525 nm. DNA con
tents were determined in relation to the standard curve and normalised to the wet weight of the samples.

GAG contents were quantified using the dimethylmethylene blue (DMMB) assay. This colorimetric
assay employs the dye 1,9dimethylmethylene blue, which binds to negatively charged sulfated GAGs
(sGAGs), causing a metachromatic shift [54]. In brief, 10 µL of diluted sample was mixed with 200 µL of
DMMB reagent (38.45 µmol/L 1,9dimethylmethylene blue (SigmaAldrich), 40.5 mmol/L NaCl, 40.5
mmol/L glycine; pH 3.0). Absorbance values were measured immediately at a wavelength of 525 nm
using a Benchmark Plus microplate reader (BioRad) and the GAG concentration of the samples was
determined from a standard curve obtained from bovine tracheal chondroitin 4sulfate (Biocolor).

2.1.3. Histological evaluation
Scaffold punches from each group were embedded in TissueTek (O.C.T. Compound) and frozen in
isopentane well cooled on dry ice for histological analysis. Next, 5 µm sections of the TissueTek
blocks containing the scaffolds were prepared on a cryostat and mounted on SuperFrost Plus slides
(Thermo Fisher Scientific). Sections were fixed in 4% paraformaldehyde, washed with PBS and subse
quently stained with Hematoxylin and Eosin (H&E), Alcian Blue, Picrosirius red and Gomori’s trichrome.
The staining procedures can be found below. Following histological staining, slides were dehydrated
through a series of ethanol solutions, cleared in two changes of xylene and mounted with Permount
mounting medium (Thermo Fisher Scientific). All stained sections were analyzed using a light micro
scope (Leica DMi1).

H&E stain. For H&E staining, sections were stained for 10 minutes with hematoxylin. Following
that, the sections were rinsed in running tap water for 10 minutes before being stained with 0.5% eosin
in 96% ethanol for 5 minutes. With H&E staining, nuclei stain purple and the cytoplasm and ECM stain
pink.

Alcian blue stain. To detect the presence of sGAGs, Alcian blue staining was performed. Sec
tions were stained with a solution of 1% Alcian Blue 8GX (pH 2.5; SigmaAldrich) dissolved in 3% (v/v)
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aqueous acetic acid for 1 hour. After washing in distilled water for 5 minutes, all sections were coun
terstained with hematoxylin for 3 minutes and washed in running tap water for 5 minutes. With this
stain, sGAGs stain turquoiseblue, and the intensity of staining can give an estimation of the amount
of sGAGs present in the tissue.

Picrosirius red stain. To assess collagen in the decellularized tissues, sections were stained with
Sirius Red (Direct Red 80, SigmaAldrich). In brief, sections were stained in hematoxylin and washed
under running tap water. Sections were then incubated in 0.1% (w/v) sirius red in picric acid for 1 hour,
followed by two changes in 0.5% (v/v) acetic acid solution. With this staining, collagen stains red and
nulei stain black.

Gomori’s trichrome stain. Sections were stained with Van Gomori trichrome at the Pathology depart
ment of the Radboud University Medical Center (Nijmegen, the Netherlands) to also assess collagen in
the matrices. In brief, sections were stained in Harris hematoxylin for 5 minutes and rinsed in running
tap water for 5 to 10 minutes. After briefly rinsing the slides in distilled water, sections were stained in
trichrome solution (chromotrope 2R, fast green FCF, phosphotungstic acid, deionized water, and acetic
acid) for 20 minutes. Subsequently, slides were briefly incubated in 0.25% (v/v) acetic acid solution.
Gomori’s trichrome stains connective tissues containing collagen greenblue, such as the basement
membrane, cytoplasm and muscle fibers redpurple and nuclei blueblack.

2.1.4. Immunohistochemistry
For immunostaining, decellularized and native tracheal samples were embedded in TissueTek (O.C.T.
Compound) and frozen in isopentane cooled on dry ice. Samples were cryosectioned at a thickness of
5 µm and fixed with 100% precooled acetone (20◦C) for 10 minutes. Endogenous peroxidase activity
was blocked by incubating the sections in 1% (v/v) H2O2 solution in PBS for 10 minutes at RT, followed
by 30 minutes of treatment with 10% (v/v) normal goat serum in a solution of 1% (w/v) bovine serum al
bumin/phosphate buffered saline (BSA/PBS) to block nonspecific protein binding sites. Subsequently,
sections were incubated with the antiCollagen type 2 primary antibody (1:400, COL2A1, Santa Cruz
Biotechnology, sc52658) overnight at 4◦C in a humidified chamber. Next, sections were rinsed with
PBS and incubated for 30 minutes at RT with the secondary antibody (Powervision PolyHorseradisch
peroxidase (HRP)anti Mouse/Rabbit/Rat IgG, Immunologic), followed by color development with 3,3’
Diaminobenzidine (brightDAB, Immunologic). Lastly, sections were counterstained with hematoxylin,
dehydrated in a graded series of ethanol solutions (30−100%), cleared in two changes of xylene and
mounted with Permount mounting medium (Fisher Scientific). Images were taken with a light micro
scope (Leica DMi1). Both the primary and the secondary antibodies were diluted in 1% (w/v) BSA/PBS,
and the primary antibody was omitted as a negative control.

2.1.5. Scanning electron microscopy
Images of the luminal and outer surfaces of the decellularized tracheal scaffolds were taken with scan
ning electron microscopy (SEM) by a researcher at the lab to compare the surfacetopography after
each decellularization method. Samples were fixed in a solution containing 2% (v/v) glutaraldehyde
(Merck) in 0.1 mM phosphate buffer for at least 1 hour, and washed in 0.1 M phosphate buffer for 1
hour. Following that, samples were dehydrated in a graded series of ethanol (30−100%), followed by
an overnight incubation in 100% ethanol. Next, samples were critical point dried (Polaron), mounted
on a SEM stub, sputter coated with goldpalladium (Edward Scancoat 6) for 60 seconds and analyzed
with a scanning electron microscope (Zeiss Sigma 300).

2.1.6. Mechanical tests
Uniaxial tensile tests were used to assess the mechanical properties of native and decellularized tra
cheal scaffolds (n = 3 for each group). Mechanical testing was performed at the Department of Den
tistry of the Radboud University Medical Center (Nijmegen, the Netherlands) with a tensiletesting de
vice (Lloyd instruments) equipped with a 100 N load cell. Scaffold samples (average length 19−22 mm)
were clamped into the sample holders which had sandpaper pieces glued on to prevent the samples
from slipping. After applying a 1 N preload, samples were stretched with a strain rate of 1 mm/s at RT.
The samples were subjected to increasing uniaxial tensile testing until they ruptured, as shown by a
loss of load and tears in the tissue [42,55]. All samples were tested in the axial direction.
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2.1.7. Mechanical testing of separate tissue components
The mechanical behavior of the separate components of the trachea was also characterized by uniaxial
tensile testing. The tests performed and the hyperelastic modelling weremainly based on previous work
by Safshekan et al. [3,56].

Sample preparation
For mechanical testing, tracheal samples from native trachea, the scCO2(III) group, and the DEM
gamma group were obtained (Figure 2.1). Cartilage and composite tissue samples from each group
were cut by hand and stored in 0.9% physiological saline solution at 4◦C for a maximum of 36 hours.
Prior to mechanical testing, samples were stored at RT for 3 hours. The composite tissue samples con
sisted of both hyaline cartilage tissue and connective tissue [3]. The assumption is that the cartilaginous
regions are rigid and that the connective tissue sections are mainly responsible for the deformation ob
served during tensile testing [3].

Tensile testing
Mechanical testing was again performed at the Department of Dentistry of the Radboud University
Medical Center (Nijmegen, the Netherlands). A tensile tester (Lloyd instruments) equipped with a 100
N load cell was used. Sandpaper pieces were glued on the tensile tester’s sample holders to prevent
the samples from slipping. Before testing, each sample was photographed and an electric digital caliper
was used to measure the initial length of each sample (defined as the griptogrip distance). ImageJ
software was used to calculate the width and thickness of each sample. The tissue samples were
considered to be incompressible. Composite tissue samples were subjected to six preconditioning
cycles at a strain rate of 3 mm/min followed by an increased uniaxial tension at a strain rate of 1 mm/min
until rupture occurred [3], indicated by loss of load and the presence of tears in the tissue [42, 55].
Uniaxial tension was applied to the cartilage samples at a strain rate of 0.5 mm/min until the samples
ruptured [3]. Composite and cartilage tissue samples were subjected to uniaxial tension in the axial
direction and circumferential direction, respectively. The force (N) and displacement (mm) data of each
tissue sample were recorded by the tensile tester and exported to Excel to calculate Cauchy stress
stretch data. The stretch λ was calculated as:

λ =
L0 +∆L

L0
(2.1)

Where ∆L represents the displacement or change in length and L0 represents the original length of
the tissue sample. The Cauchy stress σ was calculated, assuming incompressibility, according to [3]:

σ =
F

A0
λ (2.2)

Where F is the recorded tensile force, and A0 is the initial crosssectional area of the tissue sample.

Hyperelastic modelling
Hyperelastic materials are a subclass of elastic materials that generally experience large (finite) strains
[58,59]. They are described by the nonlinear theory of elasticity [59,60]. This theory employs a strain
energy function for describing the nonlinear mechanical behavior of hyperelastic materials. Themajority
of research consider tracheal tissues to be hyperelastic [61].

Based on previous literature [3,56], the trachea is regarded an incompressible and isotropic material
in this thesis. This section will provide a brief summary of the various hyperelastic models utilized in this
thesis as well as the nonlinear elasticity theory for incompressible isotropic materials. This section is
mainly based on the book by Holzapfel [58] and the articles byMartins et al. [59] and Safshekan et al. [3].

The strainenergy function (Ψ) of an isotropic material is determined by the strain invariants, such
that:

Ψisotropic = Ψ(I1, I2, I3) (2.3)
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Figure 2.1: Samples of native trachea (A), trachea decellularized using scCO2(III) method (B) and trachea decellularized
using DEMgamma method (C). In (A1−C1) and in (A2−C2) the front view and side view, respectively, of the composite tissue
samples are depicted. In A3−C3 the cartilage samples are shown. In (D) a sample under uniaxial tension can be seen. (E)
shows a schematic overview of the tracheal samples under uniaxial tension. Cartilage is depicted in light grey, and connective
tissue is depicted in black. The composite tissue (connective tissue) sample is subjected to uniaxial tension in the axial
direction, whereas the cartilage sample is subjected to uniaxial tension in the circumferential direction. The image of the
trachea in (E) is adapted from [57]. The rest of the images in (E) are adapted from/inspired by [56].
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in which

I1 =

3∑
i=1

λ2
i

I2 =

3∑
i,j=1

λ2
iλ

2
j , i ̸= j (2.4)

I3 =

3∏
i=1

λ2
i

in which λ1, λ2 and λ3 are the principal stretches. As a result, the strain energy function may also be
described as a function of the stretches in the following way:

Ψisotropic = Ψ(λ1.λ2, λ3) (2.5)

The deformation gradient, a secondorder tensor, defines the overall state of a finite deformation:

FaA =
∂xa

∂XA
; a,A = 1, 2, 3. (2.6)

Where, x and X are the point coordinates in the deformed and reference configurations, respectively.
When a hyperelastic material is subjected to uniaxial tension in the x1 direction, the deformation gradient
F becomes

[F] =

λ 0 0
0 1√

λ
0

0 0 1√
λ
.

 (2.7)

Assuming that λ1 = λ and observing that due to the incompressibility condition

J =

3∏
i=1

λi = det(F) = 1, (2.8)

we can express that: λ2 = λ3 = 1√
λ
.

Using Equation (2.7), the Right ([C]) and Left ([b]) CauchyGreen tensors can then be defined as:

[C] = [F]T[F] =

λ2 0 0
0 λ−1 0
0 0 λ−1

 (2.9)

[b] = [F][F]T =

λ2 0 0
0 λ−1 0
0 0 λ−1

 (2.10)

and are equal. Subsequently, we can define the invariants using Equation (2.9):

I1 = tr(C)

I2 =
1

2
(tr(C))2 − tr(C2)) (2.11)

I3 = det(C).

And,

I1 = λ2 +
2

λ

I2 = 2λ+
1

λ2
(2.12)

I3 = 1.
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The principal Cauchy stresses can both be expressed as a function of the invariants as well as as
a function of the stretches. For an incompressible isotropic hyperelastic material subjected to uniaxial
tension we know that σ2 = σ3 = 0 and J = 1. As such, the Cauchy stress as a function of the stretches
can be written as:

σ1 = λ1
∂Ψ

∂λ1
− λ3

∂Ψ

∂λ3
(2.13)

The strainenergy function only depends on the two principal invariants I1 and I2, as a result of the
kinematic constraint I3 = det(C) = det(b) = 1. As stated by Holzapfel [58], the Cauchy stress is then
formulated as:

σ = −pI+ 2
∂Ψ

∂I1
b− 2

∂Ψ

∂I2
b−1 (2.14)

In the case of uniaxial tension, the Cauchy stress as a function of the invariants is given by:

σ = 2

(
λ2 − 1

λ

)(
∂Ψ

∂I1
+

1

λ

∂Ψ

∂I2

)
. (2.15)

The different hyperelastic material models utilized in this thesis are described in Table 2.2. For each
model, the strain energy function and Cauchy stress equation for an incompressible isotropic material
subjected to uniaxial tension are presented [3,59]. These formulations are based on Equations (2.13)
and (2.15). To fit the stressstretch data acquired in the tests, these hyperelastic material models
were used. The curve fitting toolbox in MATLAB R2021a, which is based on the LevenbergMarquardt
algorithm, was used to fit the stressstretch data [3].

2.2. Recellularization analysis
2.2.1. Isolation and cell culture of porcine adiposederived stem cells
Porcine adiposederived stem cells (pADSCs) were isolated from porcine subcutaneous adipose tissue
by a researcher at the lab. In brief, adipose tissue obtained from landrace pigs was finely minced and
digested via collagenase type II treatment. After separation of the adipocytes from the stromal vascular
fraction (SVF) containing the pADSCs by centrifugation and filtration, adipocytes were discarded and
the SVF pellet was resuspended in culture medium, seeded into culture flasks and cryopreserved until
use. In a previous study, the potential of the isolated pADSCs to differentiate into osteoblasts, chon
drocytes and adipocytes was already demonstrated.

For the seeding experiments, cryopreserved vials containing the pADSCs at passage 2were seeded
in culture flasks and cultured under standard conditions (37◦C, 5%CO2) in αminimumessential medium
(αMEM, Thermo Fisher Scientific) supplemented with 1% (v/v) penicillin/streptomycin (P/S, Thermo
Fisher Scientific) and 10% (v/v) fetal calf serum (FCS, Sigma Aldrich). Medium was replaced every

Table 2.2: Hyperelastic materials models used in this thesis. The strain energy function and related Cauchy stress equation
for an incompressible isotropic material subjected to uniaxial tension are provided for each model. Adapted from and based
on [3,59].

Model Strain Energy Function Cauchy Stress
NeoHookean Ψ = c1(I1 − 3) σ = 2

(
λ2 − 1

λ

)
c1

MooneyRivlin Ψ =
∑2

i=1 ci(Ii − 3) σ = 2
(
λ2 − 1

λ

) (
c1 + c2

1
λ

)
Yeoh Ψ =

∑3
i=1 ci(I1 − 3)i

σ = 2
(
λ2 − 1

λ

)
(c1 + 2c2(I1 − 3)

+3c3(I1 − 3)2)

Fung Ψ = c1
2c2

(ec2(I1−3) − 1) σ = c1(λ
2 − 1

λ )e
c2(I1−3)

Ogden Ψ =
∑3

i=1
c(2i−1)

c2i
(λc2i

1 + λc2i
2 + λc2i

3 − 3)
σ = c1(λ

c2 − 2−1+c2λ−c2/2)
+c3(λ

c4 − 2−1+c4λ−c4/2)
+c5(λ

c6 − 2−1+c6λ−c6/2)

Humphrey Ψ = c1(e
c2(I1−3) − 1) σ = 2

(
λ2 − 1

λ

)
c1c2e

c2(I1−3)

VerondaWestmann Ψ = c1[e
α(I1−3) − 1]− c1c2

2 (I2 − 3) σ = 2
(
λ2 − 1

λ

)
c1c2

(
ec2(I1−3) − 1

2λ

)
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Table 2.3: Parameters of the different groups used in the seeding experiments.

Group Scaffold type Culture Media Type n

DEMethanol DEM sterilized with 70%
ethanol Growth 1

DEMethanol DEM sterilized with 70%
ethanol Chondrogenic 3

scCO2(III) scCO2 sterilized with scCO2 Growth 1
scCO2(III) scCO2 sterilized with scCO2 Chondrogenic 3

DEMgamma DEM sterilized with gamma
irradiation Chondrogenic 3

3 to 4 days and cells were passaged at 80% confluence. Passage 5 (P5) cells were harvested via
trypsinisation and used for consecutive experiments.

2.2.2. In vitro cell seeding
Prior to conducting the following seeding experiments, the efficiency of a series of seeding methods
was evaluated. The seeding methods used and the obtained results are depicted in Appendix A.

Seeding onto the decellularized tracheal scaffolds was evaluated using a total of five groups, as
depicted in Table 2.3. Decellularized tracheal scaffolds were cut with a 12mm biopsy punch and
incubated in 0.9% physiological saline solution for a minimum of 24 hours and cell culture medium for
a minimum of 24 hours before cell seeding. Punches from the DEMethanol group were also sterilized
with 70% ethanol for a minimum of 24 hours prior to incubation in 0.9% physiological saline solution and
culture medium. Prior to seeding, the scaffold punches were placed in 6well lowattachment plates
(Corning Life Sciences (VWR)) with the outer surface facing upwards.

pADSCs were seeded onto the scaffolds by using fibrin gel as a cell carrier, at a seeding density
of 500,000 cells per cm2 of scaffold. Fibrinogen solution (from bovine plasma, SigmaAldrich) was
prepared by reconstitution in 0.9% NaCl to a final concentration of 10 mg/mL and passed through a
0.22µm filter (Whatman) for sterilization. For each 12mm scaffolds punch, 5.65 × 105 cells pADSCs
were resuspended in 100 µL fibrinogen solution (10 mg/mL) and mixed with 2.2 µL thrombin (from
bovin plasma, 50 U/mL, SigmaAldrich), and pipetted on the outer (abluminal) surface of the scaffold
(Figure 2.2). The cellfibrin suspension was allowed to polymerize for approximately 3 minutes, after
which culture medium was added. After 24 hours of culture, seeded scaffolds were either treated with
chondrogenic differentiation medium (highglucose Dulbecco’s Modified Eagle’s Medium (Invitrogen)
supplemented with 1% insulintransferrinselenious acid mix (ITS), 50 nM dexamethasone, 50 µg/mL L
ascorbic acid 2phosphate, 40 µg/mL Lproline, 100 µg/mL sodium pyruvate, 10 ng/mL TGFβ3 (Thermo
Fisher Scientific) and 1% (v/v) P/S), or were continuously cultured in standard culture medium.

2.2.3. Cell metabolic assay
To evaluate the cell seeding efficiency, the metabolic activity of the seeded cells was determined on
days 1, 7 and 21 after seeding, using the 4[3(4iodophenyl)2(4nitrophenyl)2H5tetrazolio]1,3

Figure 2.2: Schematic illustration of the static seeding method using fibrin gel as a cell carrier. First, cells are suspended in
fibrogen solution. Subsequently, thrombin is added and the cellfibrin suspension is pipetted on the scaffold. Adapted from [62].
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benzene Disulfonate (WST1) assay. The WST1 assay is a cell metabolic activity assay that measures
the absorbance of formazan dye, which is formed by cleavage of the tetrazolium salt WST1. At the
predetermined time points, the scaffold punches (n = 1 or n = 3) were transferred into a fresh 24
well plate and 700 µl of RPMI medium containing 10% (v/v) FCS supplemented with 70 µl of WST1
reagent (1:10 ratio) was added to each well. After 1 hour of incubation in a 37◦C humidified 5% CO2
incubator, the absorbance of the resulting formazan dye was measured at a wavelength of 450 nm
using a microplate reader (Wallac 1420 Victor). Absorbance values were plotted and the value of the
blanking well was subtracted.

2.2.4. Histology
Presence of vital cells on the scaffolds and the production of GAGs was examined via H&E staining
and alcian blue staining, according to the protocols described in Section 2.1.3.

2.3. Bioreactor culture
Tracheal scaffold samples decellularized with the scCO2(III) method were cut into strips measuring 2
cm in length and 1.5 cm in width (n = 3). Following cutting, the tracheal strips were washed with 0.9%
physiologic saline solution (at least 2× 1 hour and once overnight), followed by an overnight incubation
in culture medium. Next, the strips were placed in a bioreactor chamber, under sterile conditions, and
fixed with clamps on both ends (Figure 2.3). Subsequently, each scaffold strip was seeded statically
with 1.5 × 106 pADSCs (seeding density of 5 × 105 cells per cm2) resuspended in 300 µL fibrinogen
solution (10 mg/mL) and mixed with 6,6 µL thrombin (from bovine plasma, 50 U/mL, SigmaAldrich),
according to the protocol described in Section 2.2.2. Seeding was performed in the bioreactor chamber
to avoid manipulation of the scaffolds as much as possible.

Subsequently, each bioreactor chamber was filled with approximately 60 mL αMEM medium sup
plemented with 1% (v/v) P/S and 10% (v/v) FCS, and closed. Next, approximately 150 mL complete
αMEM medium was added to each bottle connected to a bioreactor chamber and the scaffold strips
were cultured under static conditions (37◦C, 5%CO2) for 3 days. After 3 days of culture, culture medium
was replaced with chondrogenic differentiation medium and the seeded scaffold strips were placed in
the bioreactor. The scaffold strips were cultured under dynamic conditions for 15 days by subjecting
them to cyclic uniaxial strain (10% stretch with a frequency of 0.25 Hz in accordance with the respiratory
rate in adults) (Figure 2.3.B). A control scaffold strip was cultured under static conditions. After 15 days
of culture, the scaffold strips were harvested and analyzed.

Figure 2.3: Overview of the bioreactor setup. In (A1) the three bioreactor chambers are depicted and in (A2) a closeup of one
of the chambers with a scaffold strip clamped (white arrow) in the chamber can be seen (A2). In (B) an overview of the
bioreactor program with 10% cyclic uniaxial strain with a frequency of 0.25 Hz in accordance with the respiratory rate in adults
is depicted.
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2.4. Statistical analysis
Statistical analyses were performed with Graphpad Prism (version 7.00). Unless stated otherwise,
experiments were carried out in triplicate (n = 3). Data are presented as the mean or the mean ±
standard deviation. p < 0.05 was used to denote statistical significance. To compare groups, oneway
analysisofvariance (ANOVA) followed by a Bonferroni’s posthoc comparisons test was employed. If
the homogeneity of variances assumption could not be met, the Dunnett T3 posthoc test was used.



3
Results

3.1. Decellularization efficiency
In 2011, Crapo et al. suggested three criteria that could be used for evaluating the efficacy of decellu
larization [47]. These criteria are as follows:

• no visible nuclear material remain in 4’,6diamidino2phenylindole (DAPI) or H&Estained tissue
sections

• the total amount of dsDNA in dry ECM is less than 50 ng
• there are no DNA fragments longer than 200 base pairs

H&E staining and DNA quantification were used in this thesis to test the first two criteria and, as such,
evaluate the efficacy of the five different decellularization methods studied (Table 2.1).

Representative images of the H&E staining of native and decellularized tracheal samples are shown
in Figure 3.1. For each decellularization protocol, an image focusing on the luminal surface (Figure
3.1.A1,B1,C1,D1,E1,F1) and an image focusing on the cartilage (Figure 3.1.A2,B2,C2,D2,E2,F2) are
shown. As depicted in Figure 3.1, the native porcine tracheal tissues contained an intact cartilage
matrix, with chondrocytes packed inside the lacunae. A high number of cells could be detected in the
mucosal and connective tissue layers. Compared with the native trachea group, the scCO2(I) and
DEMgamma decellularization methods were able to remove all visible cellular components, including
the chondrocytes in the hyaline cartilage matrix. H&E staining depicted completely clear lacunae in
these groups. In the DEMethanol group, efficacy of decellularization varied between samples. In
some samples almost complete removal of cellular and nuclear content was depicted, whereas in other
samples intact nuclei were still visible, mainly in the cartilaginous region (data not shown). Images (B)
and (C) in figure 3.1 show that tissue samples after treatment with either the scCO2(II) method or the
scCO2(III)method contain visible cells, both on the luminal surface as well as in the cartilaginous region,
although to a lesser extent than in the native trachea samples. These results indicate that these two
methods resulted in partial decellularization of the tracheal samples, but incomplete cellular removal.

DNA quantification supported these findings and is presented in Figure 3.1.G. As depicted in Figure
3.1.G, samples from the scCO2(I) and DEMgamma groups depicted the lowest DNA values. The DNA
content of the samples from the DEMethanol group was highly dependent on the sample analyzed;
variations from 1.80−70.30 ng DNA per mg wet weight were seen. The results further depict that the
DNA content in all groups, except scCO2(III), was significantly lower than in the native trachea group
(Figure 3.1.G: native trachea 69.58 ± 12.11 ng/mg vs. scCO2(I) 16.62 ± 4.04 ng/mg vs. scCO2(II)
40.98 ± 5.44 ng/mg vs. DEMethanol 43.65 ± 19.04 ng/mg vs. DEMgamma 10.90 ± 2.00 ng/mg, p
< 0.05).

3.2. Evaluation of ECM integrity
Alcian blue staining of decellularized and native trachea samples is presented in Figure 3.2. As can be
seen in Figure 3.2.F, native trachea was rich in sulfated GAGs (sGAGs). A more intense blue staining
can be found in the central core of the native cartilage, indicating that this area contains a higher
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Figure 3.1: Efficacy of porcine trachea decellularized with scCO2 or DEM. (AF) H&E staining of decellularized and native
porcine trachea. Tissue decellularized with scCO2(I) (A) and DEMgamma (E) show complete removal of cellular nuclei. No
nuclei are visible in the lacunae (black arrow with o). In the scCO2(II) (B) and scCO2(III) (C) groups both cells in the outer
tissue layers as well as chondrocytes in the cartilage tissue are depicted (indicated with ⋆ and black arrow with •, respectively),
although to a lesser extent as in native tracheal tissue (F). (G) DNA content was measured in native tracheal tissue and
following decellularization. A significant reduction in DNA content was seen in all samples, except scCO2(III), compared to
native trachea. # = significant difference (S.D.) from scCO2(II), scCO2(III) and native trachea (p<0.001); $ = S.D. from
DEMethanol (p<0.05); & = S.D. from DEMgamma (p<0.001), ‡ = S.D. from native trachea (p<0.05), ⊘ = S.D. from
DEMgamma (p<0.001), ¥ = S.D. from DEMgamma (p<0.01); • = S.D. from native trachea (p<0.001). (H) Macroscopic
images of the decellularized and native tracheal samples. Decellularized tracheal samples had a colourless appearance.
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amount of GAGs. Alcian blue staining also revealed that the sGAG content was best preserved in the
scCO2(III) group following decellularization. In the scCO2(I) group, on the other hand, complete loss of
sGAGs could be depicted, as indicated by loss of blue staining (Figure 3.2.A). Alcian blue staining also
depicted a noticeable reduction of staining in the scCO2(II), DEMethanol and DEMgamma groups
(Figure 3.2.B,D,E).

However, quantitative analysis revealed no significant differences in sGAG content between the
scCO2(II), scCO2(III), DEMethanol and native trachea groups (Figure 3.2.G: native trachea 37.73 ±
5.27 µg/mg vs. scCO2(II) 30.73 ± 8.62 µg/mg vs. scCO2(III) 43.83 ± 8.71 µg/mg vs. DEMethanol
26.00± 12.15 µg/mg, p> 0.5). The results did reveal that there was a significant loss of sGAG content
in the DEMgamma group when compared to the native trachea group (DEMgamma 20.35 ± 1.59
µg/mg, p < 0.01 significant difference from native trachea). Furthermore, a reduction of 88% in sGAG
content was seen in the scCO2(I) group (scCO2(I) 4.51 ± 1.83 µg/mg, p < 0.001 significant difference
from native trachea), which is expected from the staining results.

The presence of collagen types I and III in the trachea’s ECM was demonstrated with Picrosirius red
and Gomori’s trichrome staining. Collagen type I is the most abundant collagen type in the ECM of the
human trachea [63]. Picrosirius red staining displayed no substantial differences in staining intensity
amongst the different groups, suggesting that decellularization did not affect the collagen content of the
scaffolds (Figure 3.3.BF). Only the samples treated with scCO2(I) showed a clear reduction in staining
intensity (Figure 3.3.A). Gomori’s trichrome staining did show some noticeable differences between
the different decellularization groups. As shown in Figure 3.3.F3, the native trachea clearly depicts a
bluegreen staining in the tissues surrounding the cartilage, indicating collagen containing connective
tissue. Similarly, the DEMethanol group depicts this bluegreen staining in the perichondrium (dense
connective tissue that surrounds the cartilage), which is known to contain collagen type I (Figure 3.3.D3).
This staining, however, is not evident in the other decellularization groups, suggesting some loss of
collagen in these groups. Since the basement membrane contains collagen type III fibers, it could also
indicate (partial) loss of the basement membrane in these groups.

Collagen type II, which is only found in the cartilage, accounts for 10 to 30% of the ECM in the
human native trachea [2,63]. Figure 3.4 displays the presence of collagen type II in the decellularized
and native matrices. Native trachea depicted high staining intensity, especially in the territorial matrix
(the area immediately surrounding chondrocytes), which was also observed in the cartilage matrix of
the scCO2(III) scaffold samples. The staining further indicated that collagen type II was retained in all
groups after decellularization.

3.3. Scanning electron microscopy
Scanning electron micrscopy (SEM) images clearly showed that the epithelium was removed in all
decellularized scaffolds (Figure 3.5). The luminal surfaces of the samples from the DEMethanol and
DEMgamma groups looked visibly different than the luminal surfaces of the samples from the scCO2
groups. At higher magnification, gaps and a meshwork of fibers could be depicted on the luminal
surfaces of the scCO2(II), scCO2(III) and DEMgamma scaffolds (Figure 3.5.B2,C2), whereas the DEM
ethanol group seemed to have a more smooth appearance (Figure 3.5.D2). This suggests that the
constructs from the DEMethanol group have an (partially) intact basement membrane, whereas the
basement membrane is (partially) destructed in the other groups. SEM images of the outer surfaces of
the matrices also depicted some differences between the scaffolds. The fibers in the scCO2(III) group
seemed to have a more loose appearance and the scCO2(I) group shows a disrupted surface, whereas
the surface in the DEMgamma group is more smooth.

3.4. Mechanical properties
3.4.1. Forcedisplacement and stressstretch curves
Uniaxial tensile tests were performed to evaluate the possible effects of the decellularization and ster
ilization processes on the mechanical properties of the scaffolds. The average force–displacement
curves for the tissue samples tested are depicted in Figure 3.6.

When compared to native tissue samples, decellularized tissues samples from the scCO2(III) and
DEMethanol groups showed comparable characteristics. No significant differences in the maximum
force were seen between the native trachea samples (8.79 ± 0.86 N) and samples from the DEM
ethanol (10.55 ± 0.87 N) and scCO2(III) (10.48 ± 0.45 N) groups (p > 0.05). The forcedisplacement
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Figure 3.2: Glycosaminoglycan (GAG) content of decellularized tracheal matrices. Native porcine trachea stained with alcian
blue (F1,F2) compared to tracheal matrices decellularized with scCO2(I) (A1,A2), scCO2(II) (B1,B2), scCO2(III) (C1,C2),
DEMethanol (D1,D2) and DEMgamma (E1,E2). The black arrows indicate the territorial matrix which is the area around the
lacunae of the chondrocytes. Trachea in the scCO2(I) group show complete loss of GAGs. Some of the other decellularized
matrices (B,D,E) show a less intense staining compared to native trachea (F). Matrices from the scCO2(III) group (C) show
retention of GAGs. (G) Quantitative analysis of sulphated GAGs in decellularized and native tracheal tissue. A significant
reduction in sGAG content is seen in the scCO2(I) and DEMgamma groups when compared to native trachea. # = significant
difference (S.D.) from scCO2(II), scCO2(III), DEMethanol and native trachea (p<0.001), $ = S.D. from DEMgamma (p<0.05),
‡ = S.D. from DEMethanol (p<0.01), ⊘ = S.D. from DEMgamma (p<0.001), ¥= S.D. from native trachea (p<0.01).
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Figure 3.3: Native and decellularized trachea stained with Picrosirius red and Gomori’s trichrome to evaluate the preservation
of collagen in the ECM. Native porcine trachea (F1,F2,F3) are compared to tracheal matrices decellularized with scCO2(I)
(A1,A2,A3), scCO2(II) (B1,B2,B3), scCO2(III) (C1,C2,C3), DEMethanol (D1,D2,D3) and DEMgamma (E1,E2,E3). Only a
clear reduction in staining intensity can be observed in the samples decellularized with scCO2(I). Collagen is mostly preserved
in the other groups.
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Figure 3.4: Immunohistological staining for collagen type II of tracheal samples from each treatment group; treated with (A)
scCO2(I), (B) scCO2(II), (C) scCO2(III), (D) DEMethanol, (E) DEMgamma, and (F) untreated. Collagen type II was
preserved in all groups.

curves of the scCO2(III) and DEMethanol samples did have a higher slope than the curve of the
native tracheal samples. Furthermore, themaximum force decreased significantly in the tissue samples
from groups scCO2(I) (1.34 ± 0.86 N), scCO2(II) (4.17 ± 1.36 N) and DEMgamma (4.65 ± 1.37 N)
compared to native trachea (p < 0.01, p < 0.05 and p < 0.05, respectively).

Tensile testing of single tracheal components, namely cartilage and composite (connective tissue)
tissue samples, was also performed. For cartilage samples, tensile tests up to 20% strain were per
formed, which is considered to completely cover the physiological conditions of tracheal cartilage [3].
Under normal physiological conditions, the stretch of tracheal cartilage is lower than 1.05 [3,64]. Tensile
tests up to 50% strain were conducted for the composite tissue samples, in accordance to the experi
ments reported by Safshekan et al. [3]. Figure 3.7 illustrates the average stressstrain curves obtained
by tensile testing of native, scCO2(III) and DEMgamma tracheal samples. In MATLAB R2021a, a code
was implemented to obtain the mean of the samples’ stressstrain curves after interpolating them to the
same stretch values. To compare the obtained experimental data to data from literature, the Young’s
modulus of the cartilage samples was calculated assuming elastic behavior and considering a strain of
a maximum of 5% [64].

The stressstrain curves of the cartilage samples show that cartilage had the highest stiffness and
was found to be linear up to 10%−20% stretch in all groups. In the decellularization groups, the curves
bent slightly at higher stretch rates. The Young’smodulus for native porcine tracheal cartilage was found
to be 1.17 ± 0.17 MPa (Figure 3.7.D). This value is comparable to results found in literature. Wang
et al., for instance, reported a Young’s modulus of 1.74 ± 0.85 MPa for porcine tracheal cartilage [65],
whereas a range of 1−15 MPa was reported by Rains et al. for human tracheal cartilage [66]. There
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Figure 3.5: Scanning electron microscopy (SEM) of tracheal samples. The luminal surfaces and outer surfaces of tracheal
matrices decellularized with scCO2(I) (A1−A4), scCO2(II) (B1−B4), scCO2(III) (C1−C4), DEMethanol (D1−D4) and
DEMgamma (E1−E4) are shown.
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Figure 3.6: Biomechanical properties of porcine tracheal scaffolds following decellularization. (A) Average forcedisplacement
curves of decellularized tissue samples tested. (B) Maximum force of the decellularized tracheas. # = significant difference
(S.D.) from scCO2(III) and DEMethanol (p<0.001), $ = S.D. from native trachea (p<0.01), ‡ = S.D. from scCO2(III) (p<0.001),
⊘ = S.D. from DEMethanol (p<0.01), & = S.D. from native trachea (p<0.05), ¥ = S.D. from DEMgamma (p<0.01), % = S.D.
from DEMgamma (p<0.01), † = S.D. from native trachea (p<0.05).
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were no statistical differences in the tensile modulus between the three different groups (p > 0.05).
The native connective tissue’s average stressstrain curve is typical for soft tissues: it displays

nonlinear stiffening behavior (incremental Young’s modulus when the stretch is increased) (Figure
3.7.A) [3]. The scCO2(III) connective tissue samples showed a similar average stressstrain curve,
but the standard deviations are much higher. Interestingly, the average curve of the DEMgamma
connective tissue samples lacked this nonlinear stiffening behavior. The curve had a more linear
response and loss of load was depicted at a lower strain value (∼40%) than in the other two groups
(∼50%).

3.4.2. Hyperelastic modelling
The Cauchy stressstretch data of the different tracheal samples of the native and decellularized tra
cheal tissues obtained with uniaxial tensile testing were fitted with different hyperelastic models. In
Table 3.1 the goodness of fit results for seven hyperelastic models are shown. The table shows the
coefficient of determination R2, which runs from 0 to 1 and is an estimate of the model’s goodness of
fit to the data. A R2 of 1 represents a perfect fit. When all models were compared, the fitting curves
of the Yeoh, Fung and Ogden models best represented the experimental data (R2 ≥ 0.99). Overall,
the Yeoh model showed the highest coefficient of determination for all three tissue types. Figure 3.8
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Figure 3.7: Cauchy stressstretch data for cartilage and composite tissue (connective tissue) samples from (A) native trachea
(n = 4 and n = 2 for cartilage and connective tissue samples, respectively), (B) trachea decellularized with the DEMgamma
method (n = 3 for both cartilage and connective tissue samples), and (C) trachea decellularized with the scCO2(III) method
(n = 5 and n = 3 for cartilage and connective tissue samples, respectively). Cartilage shows a linear response in all groups.
The connective tissue in the native and scCO2(III) groups show typical stiffening behavior. In (D) the tensile elastic modulus of
the different cartilage samples is depicted. No statistical differences were seen between groups (p>0.05).
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Table 3.1: Different hyperelastic models were used to fit the experimentally obtained stressstretch data of the different
decellularized tracheal tissue components. In the table the coefficient of determination, R2, for each model and tissue type is
displayed.

Model Cartilage Connective
Tissue

Native
trachea

DEM
gamma scCO2(III)

Native
trachea

DEM
gamma scCO2(III)

MooneyRivlin 1.000 0.998 0.995 0.930 0.998 0.990
Yeoh 0.999 1.000 0.998 1.000 1.000 0.999
Fung 1.000 0.998 0.994 0.994 0.998 0.998
NeoHookean 0.979 0.986 0.999 0.995 0.998 0.888
Humphrey 0.951 0.989 0.952 0.999 0.998 0.999
Ogden 0.997 0.998 0.994 0.998 0.999 1.000
VerondaWestmann 0.951 0.972 0.994 0.959 0.989 0.995

depicts the curve fitting results of the Yeoh model for the different tracheal tissues. It is demonstrated
that the model reflects the stressstretch behavior of the different tissues accurately, similar to what was
depicted by Safshekan et al. [3]. Only in the native trachea cartilage stressstretch curve a deviation
from the fitted curve can be seen at a stretch from 1.0−1.05.
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Figure 3.8: Fit of the Yeoh hyperelastic model to the experimental Cauchy stressstretch data obtained from uniaxial tensile
testing for cartilage and connective tissue (composite tissue) samples from (A) native trachea, (B) trachea decellularized with
the DEMgamma method, and (C) trachea decellularized with the scCO2(III). The model reflects the stressstretch behavior of
the different tissue types accurately.
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3.5. Cytocompatibility of decellularized tracheal scaffolds
To be clinically useful, decellularized tracheas must maintain the ability to support cells [45]. Therefore,
cells from various cell types were seeded on the decellularized tracheal scaffolds to assess the ability
of the scaffolds to support cell attachment and growth. When cells were seeded directly onto the
decellularized scaffolds, by dropping a concentrated cell suspension on the top of the scaffolds, (almost)
no cell attachment could be depicted and metabolic activity of the cells was low (Appendix A).

To increase seeding efficiency, fibrin gelencapsulated pADSCs at passage 5 were seeded onto the
decellularized tracheal scaffolds. After seeding, scaffolds were cultured in proliferation and chondro
genic differentiation medium under static conditions for 7 and 21 days.

Fibrin gelencapsulated pADSCs cultured in proliferation medium showed a decline in metabolic ac
tivity over the 10 day culture period in the scCO2(III) group, whereas an increase was seen in the DEM
ethanol group (Figure 3.9.A). A similar trend was seen when scaffolds were prewetted with 100% FCS
and seeded with a static seeding method (Appendix A). The metabolic activity of fibrin gelencapsulated

Figure 3.9: Histological staining and metabolic activity (WST1 assay) were used to evaluate the attachment and proliferation
of cells seeded on decellularized tracheal scaffolds. (A) Proliferation (WST1 assay) of pADSCs seeded on decellularized
tracheal scaffolds and cultured in proliferation medium over a 10 day culture period (n = 1). A decline in metabolic activity was
seen in the scCO2(III) group, whereas an increase in metabolic activity was seen in the DEMethanol group. (B) Proliferation of
pADSCs seeded on decellularized tracheal scaffolds and cultured in chondrogenic differentiation medium over a 7 day culture
period. The results of three separate experiments are depicted (n = 1, N = 3). Metabolic activity did not decrease significantly
over time, indicating the cells were able to proliferate and survive on all scaffolds. (C) Representative images of the H&E
staining of the cell seeded constructs in chondrogenic differentiation medium at day 7.
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pADSCs cultured in chondrogenic differentiation medium did not significantly decrease over the 7 day
culture period in all groups (Figure 3.9.B). A trend of increasing metabolic activity was seen in the
scCO2(III) and DEMethanol groups, although this was not statistically significant.

After 7 days of culture, H&E staining of the cell seeded scaffolds cultured in chondrogenic differenti
ation medium revealed the formation of a cell layer across the surfaces of the scaffolds (Figure 3.9.C).
Cells on the surface appeared to have a spindleshape, elongated morphology, whereas cells deeper
in the fibrin gel had a more round morphology. No clear differences could be depicted between the
various groups. After 21 days of culture, more cells had a spindleshape and elongated morphology
and, the cells were evenly distributed on the surfaces of the scaffolds (Figure 3.10.A−C). Cells in the
DEMgamma group were more clustered in one location and had a more spherical morphology. Cell
infiltration into the ECM of the scaffolds was very limited.

Overall, these results indicated that both the scCO2 and chemically decellularized tracheal scaffolds
supported the attachment and growth of fibrin gelencapsulated ADSCs under chondrogenic culture
conditions. Alcian blue staining further indicated the production of GAGs by slightly enhanced blue
staining from day 7 to day 21 around the surface of the scaffolds under chondrogenic culture conditions,
suggesting that the ADSCs differentiated into chondrocytes (Figure 3.10.D−F).

Figure 3.10: Histological staining was used to evaluate the attachment of cells seeded on tracheal scaffolds that had been
decellularized using various methods. Representative images of the H&E staining of the cell seeded constructs decellularized
with the (A) DEMethanol, (B) DEMgamma and (C) scCO2(III) methods and cultured for 21 days in chondrogenic
differentiation medium (n = 1 for each group). Cells in the DEMethanol and scCO2(III) groups depicted a spindleshape and
elongated morphology. Minimal cell infiltration was seen. Alcian blue staining was used to visualize GAGs and as such
evaluate the chondrogenic potential of the cells seeded on the constructs decellularized with (D) DEMethanol, (E)
DEMgamma, and (F) scCO2(III) methods and cultured for 21 days in chondrogenic differentiation medium. A slightly
enhanced blue staining was seen from day 7 to day 21, especially in the scCO2(III) group, suggesting the production of GAGs
and thus chondrogenic differentiation.
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3.6. Bioreactor culture
The trachea is subjected to many mechanical forces during respiration [67]. These mechanical loads
allow the trachea to maintain its function and integrity. Mechanical loading, in addition to the TE triad,
is thought to be critical in creating nativelike tissue, particularly in cartilage TE [31]. Mechanical load
ing has, for instance, been shown to increase in vitro chondrogenesis of human mesenchymal stem
cells [31]. Loading of the matrix increased the expression and production of ECM components, and,
therefore, improved mechanical properties. As such, it is hypothesized that preconditioning of recellu
larized decellularized scaffolds, by creating an environment that closely mimics the native local environ
ment, could generate more functional organs for in vivo implantation [31]. This concept has primarily
been investigated in the context of articular cartilage TE. Whether mechanical loading of mesenchymal
stem cells seeded on decellularized tracheal scaffolds will result in functional improvement is currently
unknown. To study this hypothesis, this bioreactor experiment was conducted.

It was hypothesized that stimulation of the tracheal constructs with cyclic uniaxial tensile strain
for 21 days would lead to an increased chondrogenic phenotype compared to the statically treated
seeded scaffolds, resulting in improved mechanical properties of the constructs. In comparison to
statically treated constructs, the loaded tracheal constructs were thought to have higher proteoglycan
and collagen contents.

Unfortunately, the bioreactor experiments were accompanied with many difficulties, including leak
age of medium, malfunctioning of the pump, and contamination. As a result, the data obtained were
not reliable and are therefore not discussed.



4
Discussion

The trachea’s primary functions include conducting air into the lungs, humidification and warming of
the inspired air, and mucociliary clearance [68]. The trachea has a complex anatomy that allows it to
perform these tasks, making regeneration of the trachea a major challenge. Longsegment tracheal
lesions can only be cured by tracheal replacement with a substitute [25]. The most promising approach
for obtaining a functional tissue substitute seems to be the process of decellularization. Successful
decellularization is characterized by the elimination of (nearly) all cellular material while mimimizing
alterations to the ECM structure [30]. The ECM is a complex, tissuespecific threedimensional network
made up of functional and structural proteins and serves a structural role while also directing and
regulating cellular survival, behavior and phenotype [37, 69]. In addition, the ECM is continuously
remodeled by the cells that reside in the matrix [37, 69]. As Badylak et al. point out, this synergistic
relationship between the ECM and its residing cells is one of the great advantages of decellularized
scaffolds over synthetic scaffolds [69].

Detergents and enzymes are often used for decellularization, similar for the trachea, and have been
shown to be effective in removing cells and genetic material from biological tissues. However, deter
gents such as SDC have a negative impact on the ECM’s physical, biochemical, and structural proper
ties, which can be detrimental to cell repopulation [70]. A scCO2 decellularization approach could be an
interesting alternative, as scCO2 possesses some attractive properties including non toxicity, natural
availability and the ability to permeate dense matrices [48,50,52]. Therefore, the aim of this thesis was
to investigate the potential of scCO2 decellularization as a novel method for decellularization of porcine
trachea and compare it to a vacuumassisted chemicalenzymatic decellularization method. The ef
fects of scCO2 treatment without addition of a cosolvent, as well as the effects of scCO2 treatment
with an additional washing step with NaOH, were investigated. Furthermore, sterilization with scCO2
was compared with sterilization with gamma irradiation. Decellularization efficiency was assessed in
terms of removal of cellular components, retention of mechanical properties and preservation of ECM
components and ultrastructure. Furthermore, the cytocompatibility of the scaffolds was evaluated and
a methodology for reseeding the decellularized scaffolds with porcine ADSCs was identified.

4.1. Decellularization efficacy
The elimination of cellular components and genetic material from the ECM is an important criterion for
decellularization. Based on the criteria set by Crapo et al. [47], scCO2 followed by a H2O2 washing
step (groups scCO2(II) and scCO2(III)) was not successful in completely decellularizing porcine tra
chea in this study. A significant amount of DNA was still present after decellularization, and histological
analysis also demonstrated cells and cellular content remaining in the tissue. This is consistent with a
previous study on the decellularization of articular cartilage using only scCO2 [71]. On the other hand,
decellularization with scCO2 followed by the H2O2 washing step and an additional washing step with
NaOH (group scCO2(I)) led to complete removal of cells and cellular debris but was particularly detri
mental to the ECM, as evidenced by substantial loss of GAGs and collagen. This loss of GAGs is in line
with previous findings [72–74]. Schneider et al., for instance, compared 24 different decellularization
protocols for decellularizing articular cartilage and found that NaOH led to the highest reduction in GAG
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content [74]. In contrast to the scCO2(II) and scCO2(III) groups, chemical treatment of porcine trachea
(groups DEMethanol and DEMgamma) was found to be effective in removing cells and cellular debris.
This is also in line with two previous studies using the same protocol [44,45]. Furthermore, most ECM
components were preserved after chemical treatment, although some loss in GAGs was observed.
This is also comparable to the results obtained by Lange et al. [44]. In their study 4060% of the GAG
content was maintained, whereas in this thesis approximately 69% of the GAG content was preserved
in the DEMethanol samples. In the study of Butler et al., on the other hand, the vacuumassisted chem
ical method did not result in a decline in GAG content [45]. Overall, this chemical method, which could
be considered the gold standard, depicted the best effect from the decellularization methods presented
in this thesis.

Inadequate decellularization with the scCO2 approach, without a washing step with NaOH, may be
caused by a variety of factors. Rapid depressurization is thought to be important for removing cells
and cellular debris [48]. According to Topuz et al., the retention of cellular remnant inside the tissue
may thus be attributed to a low rate of gas discharge [48]. Furthermore, studies on the ability of scCO2
to remove DNA are inconclusive. Sawada et al., for instance, found that only scCO2 with ethanol as
an additive effectively removed cellular content from porcine aorta, while scCO2 alone did not [75]. To
explain this, supercritical extraction of cells or cellular remnants has been suggested as one of the
mechanisms of action of scCO2 decellularization [47,50]. Since CO2 itself is a nonpolar molecule, only
a small amount of the polar cellular material will dissolve in pure scCO2, as explained by Sawada et al.
and Casali et al. [50,75]. As such, it has been recommended to use a polar cosolvent that is soluble
in CO2, such as ethanol, in the decellularization process. Using ethanol as a cosolvent has yielded
promising results for several other scientists as well [76–78]. However, the use of ethanol has been
shown to cause tissue dehydration [75]. Besides, porcine aorta were not successfully decellularized
in the study by Casali et al., despite the inclusion of ethanol in the decellularization process [50]. Only
when porcine aorta were treated with the detergent sodium dodecyl sulfate (SDS) directly followed by
scCO2 processing, effective decellularization was accomplished. Similarly, chemical decellularization
methods were combined with scCO2 in the study of Ling et al. for the decellularization of cancellous
bone [79]. As such, Casali et al. hypothesized that scCO2 may not be able to fully permeate the
cell membrane, resulting in incomplete cell elimination [50]. Duarte et al. support this theory, explain
ing that while studies on the mechanism of scCO2 sterilization show that scCO2 can infiltrate the cell
membrane, the extent of this penetration might not be adequate enough to result in complete cell re
moval [80]. In their study, they therefore used freezethawing prior to decellularization to induce cell
lysis and combined scCO2 with Tri(nbutyl) phosphate (TnBP) to improve decellularization efficacy.

Based on the literature, future experiments on the decellularization of tracheal tissue could thus
explore the use of a freezethawing method, the use of a cosolvent and the combination of a secondary
agent like TnBP and scCO2 processing. Furthermore, parameters of the scCO2 process, such as
temperature, pressure, treatment time, use of cosolvents and gas output rate could be adjusted in
future experiments to gain a better understanding of the working mechanism of scCO2 decellularization
of tracheal tissue.

4.2. Impact of sterilization
Besides comparing scCO2 decellularization with chemical decellularization, various sterilization meth
ods were also studied. Commonly used terminal sterilization methods for ECM scaffolds include elec
tron beam irradiation, gamma irradiation and ethylene oxide exposure [47, 81, 82]. However, these
conventional sterilization methods have certain drawbacks. Ethylene oxide, for instance, is a toxic
compound that can significantly alter the mechanical properties of the ECM [83, 84]. Gamma irradi
ation has also been shown to compromise the tissue’s ultrastructure leading to altered mechanical
properties as well as reduced cell adhesion [47,85,86]. Tissue structural changes are dose dependent
and are believed to be caused in part by crosslinking of structural components like collagen [82,86,87].
In studies utilizing decellularized tracheas, antibiotics [55, 88–91], peracetic acid and ethanol [92, 93],
and gamma irradiation [93–95] are mostly used as sterilization and disinfection methods. However,
information on the effects of these sterilization methods on decellularized tracheal scaffolds is very
limited. Only one study has been conducted on the effects of gamma irradiation on the ultrastructure
of decellularized tracheas [94]. Johnson et al. demonstrated that sterilizing mice tracheas with 25
kGy gamma irradiation resulted in degradation of the tissue’s ultrastructure, including disorganization
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of collagen fibers and lacunal degeneration [94].
Sterilization using scCO2 has been suggested as an alternative. The low critical temperature of CO2

(31.1◦C) makes sterilization with scCO2 an ideal method for sensitive materials [96]. Treatment with
scCO2 has, for instance, been used for sterilization of heart valves [96], lung tissue [97], and bone [98].
In these studies scCO2 treatment was found to be an efficient sterilization technique, and did not impact
the properties and composition of the tissues.

In this thesis, sterilization of porcine tracheal scaffolds was achieved using 25 kGy gamma irradi
ation or scCO2 in conjunction with peracetic acid, as it has been suggested that scCO2 sterilization
requires a cosolvent to efficiently inactivate bacterial endospores [96]. Subsequently, the mechanical
characteristics and ECM ultrastructure of these scaffolds were evaluated. The maximum force of most
scaffolds was found to be declined after decellularization and sterilization when compared to native
trachea. The maximum force was not altered when scaffolds were decellularized and sterilized with
scCO2 (scCO2(III)), whereas scaffolds decellularized with scCO2 but sterilized with gamma irradiation
(scCO2(II)) did show a significant decline in maximum force. This difference between scCO2(II) and
scCO2(III) could thus potentially be explained by the different sterilization methods used, since, as al
ready discussed in the preceding text, gamma irradiation negatively impacts the mechanical properties
of biological tissues, whereas scCO2 does not.

The stressstrain curves of native trachea and tracheas treated with the scCO2(III) andDEMgamma
methods also depicted some noticeable differences. The samples treated with DEMgamma already
depicted loss of load at 40% strain, while the native and scCO2(III) treated samples depicted loss
of load after 50% strain. Furthermore, no clear stiffening behavior could be depicted in the stress
strain curve of the DEMgamma treated samples, whereas this behavior was more clear in the curves
of the native and scCO2(III) treated samples. Gamma irradiation has been shown to affect collagen
fibers by crosslinking of collagen molecules in the presence of free radicals or by splitting polypep
tide chains [99]. The decrease in elasticity in the gammairradiated samples is thus likely attributable
to irradiationinduced collagen damage. These results are consistent with the findings obtained by
Gouk et al., who demonstrated that gamma irradiation of acellular human tissue matrix resulted in a
decreased toe region length and declined ultimate strain [85]. Similarly, the different sterilization proce
dures used can clarify the variations in DNA content and ECM components seen in the histological and
quantitative data (scCO2(II) vs. scCO2(III) and DEMgamma vs. DEMethanol). Gamma irradiation
sterilization generally resulted in lower DNA content and less retention of ECM components. The re
duced DNA content seen following gamma irradiation could also be explained by the fact that gamma
irradiation causes DNA damage, which is its main mode of action for inactivation of microorganisms.
DNA fragmentation has been shown to influence the accuracy of DNA content measurement, imply
ing that the smaller DNA fragments due to DNA damage are simply not measured by the PicoGreen
assay [100].

4.3. Recellularization of decellularized scaffolds
Decellularized scaffolds were seeded with pADSCs to assess cytocompatibility and recellularization
efficacy. Unseeded scaffolds have been shown to be more prone to induce graft failure as a result of
leakage and granulations as well as eliciting a local immune response [32]. Additionally, the trachea’s
complex structure necessitates recellularization, most likely with multiple cell types to regenerate a
functional tracheal scaffold. The most frequently used cell types for recellularization include respiratory
epithelial cells, chondrocytes, and mesenchymal stem cells [32]. In this thesis, ADSCs were mainly
used for the recellularization experiments because of their many advantages. ADSCs are a popular cell
source due to their relative abundance and accessibility [101]. Furthermore, mesenchymal stem cells
have the ability to differentiate towards different lineages and produce immunomodulatory factors [32].

Initial static seeding results demonstrated poor survival of cells. When fibrin was used as a cell car
rier and scaffolds were cultured under chondrogenic conditions, both scCO2 decellularized and chemi
cally decellularized scaffolds supported the viability and attachment of pADSCs, as demonstrated with
WST1 assay and H&E staining.

Fibrin is a naturally occurring biopolymer that is formed when thrombin converts fibrinogen to cross
linked fibrin [102–104]. Together, these molecules play important roles in blood coagulation and wound
healing. Fibrin gel has been mainly used as a cell carrier in cardiovascular TE [104, 105]. Fibrin has
the benefit over other gels in that it can be easily isolated from the patient’s own blood and thus used
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as an autologous material [104, 105]. Another advantage of using gel as a cell carrier that has been
mentioned in the literature is that freshly formed ECM components do not permeate straight into the
surrounding medium, but can accumulate in the extracellular space [104,105].

According to the findings in this thesis, seeding the scaffolds with fibrinencapsulated cells resulted
in the formation of confluent cell layers, whereas with the other static seeding methods tested hardly
any cells adhered to the scaffolds. Fibrin mimics the ECM and entraps cells onto the scaffold, which
could explain why this seeding method was effective [106]. When static droplet seeding is used, the
cell suspension spills over the scaffold’s edges more quickly. Static surface seeding has been found to
be inefficient in other studies as well, with seeding efficiencies ranging from 10−25% [106].

The inefficiency of the static seeding methods used could also be explained by the nature of the
scaffold. Hamilton et al. found that only few cells covered the surface of tracheal scaffolds decellular
ized with DEM and seeded with bronchial epithelial cells, while a large number of live cells were found
on the surface of decellularized dermis scaffolds [107].

The higher seeding efficiency seen in the scaffolds cultured in chondrogenic differentiation medium
in comparison to scaffolds cultured in proliferation medium could be explained by a faster formation of
ECM. When no degradation inhibitors are used, fibrin will degrade rapidly (within several days), due to
cellassociated enzymatic activities [104]. The fibrin can then be replaced by newly synthesized ECM.
It is likely that ADSCs in chondrogenic differentiation medium will start producing ECM components
faster, entrapping the cells in this newly formed matrix, whereas (looselyattached) cells in proliferation
medium might be lost in the surrounding medium when fibrin starts to degrade. The differences in
surface topographies seen with SEM could explain why cells seeded onto a DEMethanol decellularized
scaffold and cultured in proliferationmedium showed cell adherence and proliferation while cells seeded
onto a scCO2(III) decellularized scaffold and cultured in proliferation medium did not. Decellularization
and sterilization with scCO2 (scCO2(III)) resulted in collagen with a more loose and fibrous appearance,
possibly inhibiting cellular adherence.

Future experiments can be performed comparing culturing with and without the use of fibrin degra
dation inhibitors, to determine the influence on cell differentiation and production of ECM. Additionally,
cell mediators such as growth factors may be incorporated into the fibrin gel to provide the cells with a
more tissuespecific environment, and thereby potentially improve cell function [105].

Overall, seeding tracheal scaffolds using fibrin as a cell carrier provided a fast and easy seeding
method that can be used to obtain a higher cell seeding efficiency. The seeded cells did seem to
concentrate on the surface of the decellularized scaffolds and also after 21 days of culture, there was
only minimal infiltration of cells into the ECM of the tracheal scaffolds. It is possible that cells will infiltrate
the scaffold after a longer in vitro culture period. Additional longterm in vitro experiments are needed
to determine if this is indeed the case.

However, research has shown that the dense ECM of the trachea hinders migration of cells into the
scaffold. Several studies have been conducted in an effort to improve cell infiltration and repopulation
of decellularized cartilage matrices. Here, the porosity of a scaffold is an important property that influ
ences cell ingrowth. There have been reports of GAGs being intentionally removed to increase porosity
of the decellularized scaffolds and thus enhance cellular infiltration [73,74,108]. Bautista et al., for in
stance, used the enzyme chondroitinase ABC in their decellularization protocol to remove GAGs from
porcine articular cartilage [108]. Nevertheless, removal of GAGs did not result in successful recellular
ization [74,108,109]. Another approach for enhancing cellular ingrowth was to use a needle to create
microchannels into the scaffold [109, 110]. This method facilitated the migration of cells into the scaf
folds and allowed for the production of ECM components in these “openings”. Others have shown that
laser surface modification improved cell adhesion and infiltration into the scaffolds, and supported de
position of cartilagespecific matrix components [111,112]. Furthermore, dynamic cell seeding methods
have also been proposed to facilitate cell infiltration. Examples include centrifugal seeding and seeding
inside a bioreactor [113, 114]. However, to date it is unclear if and which dynamic seeding methods
improve cellular infiltration in decellularized tracheal scaffolds and lead to improved functional outcome
in vivo.

The approach suggested by Aoki et al. eliminates the need for cartilage regeneration [115]. They
propose to partially decellularize the tracheal scaffolds, thereby removing the epithelium but leaving
the cartilage matrix intact. It is hypothesized that this “hybrid graft” will not lead to an immune response
when implanted in vivo due to the immunoprivileged nature of cartilage. They further explain that this
concept would simplify the recellularization process as the cartilage is kept alive. scCO2 might be a
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promising method for this interesting concept, but that is also something that the future holds. Aspects
like terminal sterilization were, for instance, not discussed in the article.

Besides improving recellularization efficiency of decellularized scaffolds, mechanical loading of cell
seeded constructs is also an important topic. Choi et al. define mechanical loading as the fourth primary
approach in cartilage TE, in addition to the three approaches cells, scaffold, and growth factors [31]. In
cartilage TE, many studies have already been conducted on the importance of mechanical loading for
the generation of tissueengineered constructs that better mimic native tissue [31, 116, 117]. Applica
tion of mechanical loads has been shown to enhance chondrogenesis in vitro. Cao et al., for example,
showed that dynamic compressive loading of bone marrow mesenchymal stem cells encapsulated in
a collagen hydrogel resulted in chondrogenic differentation, increased ECM production and improved
mechanical properties [118]. Similar results were reported by other authors in the field [119]. To the au
thor’s knowledge, the importance of mechanical conditioning in the field of tracheal TE has not received
much attention yet. By applying cyclic strain that mimics the respiratory rate in humans to cellseeded
decellularized tracheal constructs in a bioreactor, we wanted to investigate the effects on cellular be
havior and phenotype. It was hypothesized that the loaded cellseeded constructs would depict an
enhanced chondrogenic phenotype. Future experiments with the bioreactor should determine whether
mechanical loading of cellseeded decellularized tracheal scaffolds results in increased production of
ECM components and, as a result, improved mechanical properties to fulfill the requirements for clinical
success. Furthermore, the hyperelastic modelling findings may be utilized to generate a finiteelement
model of the bioreactor system.

4.4. Limitations and future perspectives
In the following bullet points some limitations of this thesis are addressed:

• Only histological staining was used in this thesis to estimate the preservation of collagen. In a
future study, a biochemical assay could be used to quantify the collagen content, which could
provide a more precise picture.

• Another limitation was that preservation of the basement membrane was not assessed. A co
seeding strategy has been suggested due to the trachea’s complex structure. Absence or dis
ruption of the basement membrane could impede epithelial cell adherence [2,107]. Furthermore,
this membrane is known to act as a protective barrier, and its absence can result in undesirable
invasion of cells into the submucosa [2].

• Uniaxial tensile tests of the single trachea components were carried out with native tracheal sam
ples that were stored in the freezer (80◦C) for over 2 years. The effects of longterm storage
on the mechanical properties and structure of tracheal constructs remain unclear. Longterm
storage of decellularized tracheal scaffolds at 80◦C for 6 months showed no difference in me
chanical properties compared to freshly decellularized tracheal scaffolds [120]. Cryopreservation
of tracheal grafts is, however, associated with cartilage damage [121]. Longterm storage of na
tive tracheal samples could explain why the tensile modulus of native cartilage was on the lower
end of the spectrum as compared to other studies. In the study by Safshekan et al., for instance, a
much higher Young’s modulus of 16.92± 8.76 MPa for human tracheal cartilage was reported [3].
More research on the differences between longterm storaged and fresh native trachea is there
fore needed.

• Furthermore, only uniaxial tensile testing was assessed in this study. Uniaxial tensile testing
does not account for all the complex mechanical forces that the trachea normally experiences
during respiration. It is important for tracheal functionality in vivo to closely match the mechanical
properties of a tissueengineered tracheal scaffold to native trachea [67]. A mismatch in mechan
ical properties can result in granulation at the anastomosis sites and, eventually, graft failure. In
their review, Boazak et al. therefore emphasize the importance of conducting both longitudinal
tensile and lateral (radial) compression tests as well as compliance tests [67]. These tests, when
combined, will provide further detail on the tissueengineered trachea’s extensibility, tubular re
sistance to collapse, and ability to withstand and flex in the presence of physiologic transmural
pressures [67]. It is therefore proposed that more mechanical tests are conducted in future ex
periments to gain a greater understanding of the mechanical performance of the trachea after
decellularization.
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• Moreover, most seeding experiments tested only one sample per time point, to limit the amount
of animal tissue used. This affects the interpretation of the published data, as the results are
more prone to errors. However, given the general difficulties associated with static seeding of
scaffolds in other studies, as well as the fact that static seeding was repeated multiple times, it is
not believed that the low sample size changes the general conclusion of the seeding experiments.

• Lastly, tissue sterility was not validated. While the scaffolds demonstrated cytocompatibility, fu
ture experiments could focus on the efficacy of the sterilization technique used by employing
several tests [96]. Along with this, the effect of scCO2 decellularization alone, without the addi
tional sterilization step used in this thesis could be studied, and the effect of different parameters,
including temperature, pressure, treatment time could be evaluated to assess the effect on ster
ilization efficacy.



5
Conclusion

The current study evaluated the potential of scCO2 processing for decellularization and sterilization of
porcine tracheas as an alternative to methods described in the literature, which often use harsh chem
icals. The analyses performed in this thesis revealed that decellularization with scCO2 in combination
with a H2O2 washing step, without the use of a cosolvent, was not successful in completely decellulariz
ing the porcine tracheas. The vacuumassisted DEM, considered the gold standard, depicted the best
effect from the decellularization methods presented in this thesis. However, this chemical method is
still a timeconsuming process, taking several days to complete. Further investigation is therefore sug
gested to determine whether scCO2 decellularization combined with a cosolvent or secondary agent
can result in successful decellularization. Sterilization and decellularization of tracheas in a onestep
procedure could then also be assessed further. Seeding with fibrinencapsulated stem cells was iden
tified as an effective and easy seeding method and demonstrated that cells were able to adhere to the
decellularized scaffolds.

Together with the future directions outlined in this thesis, the results in this thesis open up new
avenues for potential optimizations. It is believed that the many advantages associated with scCO2
processing could, in the future, streamline the process of decellularizing tracheas to achieve successful
decellularization in a shorter time period and with less postprocessing steps, thereby creating an off
theshelf template for tracheal TE purposes.
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A
Optimization of Static Seeding

Static seeding of tissueengineered constructs is often done to assess cytocompatibility, as scaffolds
must be capable of supporting cells in order to be clinically useful [45]. In the seeding optimization
experiments conducted in this study, scaffolds were seeded using a static droplet seeding method,
in which a concentrated cells suspension was dripped on the surface of the scaffolds. Each seeding
method conducted is discussed below. It is important to note that the majority of seeding experiments
were carried out before the efficiency of decellularization was assessed, since previous experiments
performed by a researcher at the lab evaluating scCO2 decellularization did not depict the partial de
cellularization that was seen in this thesis (see Section 3.1).

For each seeding method, cell attachment and proliferation were assessed using the WST1 assay
and H&E staining. For the protocols of the WST1 assay and H&E staining, the reader is referred to
Sections 2.2.3 and 2.1.3.

A.1. Materials and Methods
A.1.1. Static surface seeding with hbSMCs of a dry scaffold
Decellularized tracheal scaffolds (scCO2(I), scCO2(II), scCO2(III) and DEMethanol) were seeded with
a concentrated cell suspension of hbSMCs (n = 3). In brief, scaffolds were cut into 10x20 mm pieces
and placed, one scaffold per well, in a 24well plate with the outer surface turned downwards. A 100
µL cell suspension containing 5x105 human bladder smooth muscle cells (hbSMCs) was pipetted into
each well and incubated for 4 hours in a 5% CO2, 37◦C incubator. After 4 hours, 1 mL smooth muscle
cell (SMC) medium was added to each well. After 24 hours and after 7 days, constructs were harvested
for evaluation.

A PicoGreen DNA assay (QuantiT PicoGreen dsDNA Assay Kit, Thermo Fisher Scientific) was
conducted to obtain the DNA content of the decellularized tracheal constructs. In brief, small pieces
(6 mm punches) of decellularized tracheal tissue were cut, weighted, placed in an Eppendorf tube
with 1 mL milliQ and incubated at 37◦C for 90 minutes. Subsequently, samples were stored at 80◦C
overnight. Next, 28 µL of standards and samples were added to a 96well plate, to which 72 µL of
PicoGreen solution and 100 µL of TrisEDTA buffer was added. After the plate was incubated in the
dark for 10 minutes, the fluorescence was measured using a microplate reader (Wallac 1420 Victor)
at excitation/emission wavelengths of 485/525 nm. DNA contents were determined in relation to the
standard curve and normalised to the wet weight of the samples.

A.1.2. Static surface seeding with hbSMCs of a prewetted scaffold
The second seeding method compared FNC coating of a tracheal scaffold with prewetting the scaffold
in medium. For this, FNC coating mix (Athena Enzyme Systems) was used, which is a “serumfree
tissue culture reagent containing fibronectin, collagen and albumin that is used to enhance the attach
ment of adherent cells to plastic flasks or microplates” [122]. In brief, a decellularized tracheal scaffold
(scCO2(III)) was cut into approximately 10x10 mm pieces. Half of the pieces (n = 2) were rehydrated in
FNC mix containing PenStrep overnight at room temperature, and the other half of the pieces (n = 2)
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were rehydrated in SMC proliferation medium without FCS containing P/S overnight at room tempera
ture (on a rollerbank). The next day, scaffolds were placed with the luminal side facing downwards in
a 24well low attachment plate and a 100 µL cell suspension containing 5x105 hbSMCs was pipetted
on top of each scaffold. Scaffolds were incubated after the seeding procedure in a 5% CO2, 37◦C
incubator for 2 hours to enable cell attachment and transferred to new wells in the 24well plate, prior to
adding proliferation medium. After 24 hours, constructs were analysed to assess the seeding efficiency.
Constructs were analysed again at day 7.

A.1.3. Static surface seeding with hADSCs of a prewetted scaffold
The third seeding method again compared FNC coating of a tracheal scaffold with prewetting the
scaffold in medium. However, the duration of coating was extended to 96 h, and instead of using
hbSMCs, human ADSCs (hADSCs) were used. Besides, both a cell suspension of 100,000 cells/cm2

and a cell suspension of 500,000 cells/cm2 were tested. In brief, a decellularized tracheal scaffold
(scCO2(III)) was cut into approximately 10x10 mm pieces and either coated with FNC mix containing
P/S overnight or incubated in alphaMEMmedium supplemented with 10% FCS and 1% P/S for 96 h (on
a rollerbank at room temperature). After 96 hours, constructs were placed in a 24well low attachment
plate and a cell suspension of hADSCs (100 µL with either 1x105 cells or 5x105 cells) was pipetted onto
the constructs. One construct that was incubated in mediumwas left unseeded as a control. Constructs
were incubated in a 5% CO2, 37◦C incubator for 2 hours and transferred to new wells in the 24well
plate, prior to adding proliferation medium. After 24 hours, constructs were analysed to determine the
seeding efficiency. The same analyses were performed after 7 days.

A.1.4. Static seeding with progenitor cells isolated from porcine pleura, trachea,
pericard and adipose tissue

Another static seeding experiment was attempted with different progenitor cells. Decellularized tracheal
scaffolds were cut with a 12 mm biopsy punch and washed in sterile 0.9% physiological saline solution
(at least 2 × 1 hour and once overnight) followed by incubation in cell culture medium for a minimum
of 24 h. Punches from the DEMethanol group were also sterilized with 70% ethanol for a minimum
of 24 h prior to incubation in 0.9% physiological saline solution and culture medium. Scaffold punches
were placed in a 24 well plate and seeded statically with a 100 µL cell suspension containing 5x105
cells (which was either isolated from porcine pleura, trachea, pericard or adipose tissue, at passage 4).
The metabolic activity of the seeded cells and cellular adherence were measured after 1 and 7 days.

A.1.5. Prewetting with FCS
Static surface seeding was carried out as described in section A.1.4. Punches from the scCO2(III) and
DEMethanol groups (n = 1 per time point) were used, and the punches were seeded with pADSCs (at
passage 6) rather than the previously described progenitor cells.

A.1.6. Using Whatman paper
Again, decellularized tracheal scaffolds of the scCO2(III) and DEMethanol groups (n = 1 per time point)
were cut with a 12 mm biopsy punch and incubated in 0.9% physiological saline solution for a minimum
of 24 hours and cell culture medium for a minimum of 24 hours before cell seeding. Punches from the
DEMethanol group were also sterilized with 70% ethanol for a minimum of 24 hours prior to incuba
tion in 0.9% physiological saline solution and culture medium. Prior to seeding, the tracheal scaffold
punches were patted dry with sterile Whatman paper. Subsequently, the scaffold punches were placed
in 6well low attachment plates with on the bottom a double layer of sterile Whatman paper. Subse
quently, pADSCs were dripped on the outer layer of the constructs (which was facing upwards) (100 µL
per scaffold, 500,000 cells/cm2). As soon as the liquid was completely absorbed, the Whatman paper
was removed and medium was added gently. After 24 hours of culture, seeded scaffolds were either
treated with chondrogenic differentiation medium (highglucose Dulbecco’s Modified Eagle’s Medium
(Invitrogen) supplemented with 1% insulintransferrinselenious acid mix (ITS), 50 nM dexamethasone,
50 µg/mL Lascorbic acid 2phosphate, 40 µg/mL Lproline, 100 µg/mL sodium pyruvate, 10 ng/mL
TGFβ3 (Thermo Fisher Scientific) and 1% (v/v) P/S), or were continuously cultured in standard culture
medium.
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A.2. Results & Discussion
Cell seeding efficiency and distribution play an important role in the in vitro and in vivo functionality of
the cellseeded scaffold [123]. The first seeding experiment was performed with hbSMCs, which are
a fast growing and easy to culture cell line. Prior to cell seeding, scaffolds of the scCO2 group were
dry. This implies that cells were directly seeded on the outer (adventitia) surface of the freezedried
tissue samples. In Figure A.1 the WST1 assay and DNA assay for this experiment are depicted. The
figure clearly shows that proliferation decreased from day 0 (24 hours after seeding) to day 7. Only the
scCO2(I) group showed an increase in metabolic activity, but this was not reflected in the DNA content
of these samples. Histological staining 7 days postseeding also demonstrated that cells were not able
to adhere to the scaffolds (data not shown).

In the second experiment, tissue samples from the scCO2(III) group were prewetted with either
FNC mix or SMC medium, to determine if this would have an effect on cell adherence. H&E staining of
the constructs showed some cells on the surface of the tissue samples one day after seeding (Figure
A.2). However, seven days after seeding no cells could be found on the tissue samples. Furthermore,
the WST1 cell proliferation assay showed a low absorbance signal, both one day after seeding and
seven days after seeding, indicating low metabolic activity.

The next step was to determine if cell attachment would be better with a different cell type or lower
seeding density. As such, scaffold samples from the scCO2(III) were prewetted with FNC mix or
αMEM medium, and seeded with either 1x105 ADSCs/cm2 or 5x105 ADSCs/cm2. Again, samples
were analyzed over the course of one week (1 and 7 days). WST1 assay showed a very low signal,
and the unseeded scaffold sample showed a comparable absorbance value as the seeded samples
(Figure A.3.A). ADSCs that were seeded without a scaffold, on the other hand, showed an absorbance
value that was around 3fold the absorbance value of the seeded scaffolds, and thus displayed high
metabolic activity (Figure A.3.B). Seven days after seeding, comparable WST absorbance values were
seen, again confirming that cells did not adhere to the scaffolds. Subsequently, both decellularized
tissue samples from the scCO2(III) and DEMethanol groups were seeded with different progenitor
cells. Similar to the previous experiments, a decrease in cell proliferation was observed after 7 days
of culture in most samples (Figure A.4.A). After 7 days of culture, histological images revealed no cell
attachment. Rehydrating the tissues in FNC mix or medium before cell seeding, as well as using a
different cell type and lower seeding density, did thus not improve results.

Next, cell suspensions of pADSCs were pipetted on scaffold punches placed on a double layer of
autoclaved Whatman paper. The underlying idea is that the Whatman paper will extract fluids from
the scaffold and will allow infiltration of the cells by capillary force [124, 125]. In a previous study, in
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Figure A.1: Human bladder smooth muscle cell (hbSMC) seeding of decellularized tracheal scaffolds. All scaffolds were
seeded with 5x105 hbSMCs at passages 6 and 9 (n = 3 for each group). (A) Metabolic activity (WST1 assay) and (B) cell
proliferation (PicoGreen) were measured and compared on day 0 (24 hours) and day 7 after seeding. Data were expressed as
mean ± SD. Results display that the metabolic activity of the cells is low and did not increase over time, indicating that the cells
were not able to adhere on the scaffolds. DNA quantification, which is assumed proportional to cell number, showed a DNA
amount of less than 50 ng/mg scaffold in all scaffolds, indicating a low cell number. Besides, DNA content decreased over time
in all scaffolds. *p<0.05; **p<0.01; ***p<0.001.
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Figure A.2: Human bladder smooth muscle cell (hbSMC) seeding of decellularized tracheal scaffolds prewetted in SMC
medium or FNC coating mix. All scaffolds were decellularized with the scCO2(III) method and seeded with 5x105 hbSMCs. (A)
WST1 assay displays absorbance values close to zero, indicating low metabolic activity of the seeded cells. (B) After 7 days of
culture, H&E staining demonstrated that there were no cells on the surface of the scaffolds.

which collagen scaffolds were seeded, this procedure increased cell influx into the scaffolds [125]. The
results depict that some cells adhered to the surface of the DEMethanol scaffold. Also, the metabolic
activity of cells seeded on the DEMethanol scaffold did not decline from day 0 to day 7. Metabolic
activity of the cells seeded on the scCO2(III) scaffold, however, did decrease and no cells were visible
on the surface, as assessed by histological staining.

Furthermore, an experiment was conducted with samples that were prewetted with 100% FCS
overnight. Prewetting with FCS, similarly to prewetting with medium containing FCS, allows the pro
teins from the FCS to attach to the scaffold’s surface, providing an anchor for the cells to bind to [126].
A higher concentration of FCS was thought to provide a better outcome. Important to note is that in this
experiment the complete 12 mm punch was used for the WST1 assay, and not only a 6 mm biopsy
punch. This partly explains the differences in absorbance values seen with the WST1 assay. As
shown in Figure A.6, some cells were able to adhere to the scaffold treated with DEMethanol. After 7
days, some cells were still visible on the surface of the DEMethanol treated scaffold, but cells were not
homogeneously distributed. However, no cells were visible on the surface of the scCO2(III) scaffold
after 7 days. The WST1 assay validated the histological findings.

After all these attempts, we tried seeding with fibrinencapsulated porcine ADSCs. With this method,
cells did seem to adhere to both scaffold types (Figure A.7). It was therefore decided to repeat this
seeding method several times, as discussed in the Results section (Section 3.5).

A number of reasons may explain why the various static seeding methods studied demonstrated
poor cell adherence. First of all, seeding efficiency has been shown to be affected by the material of
the scaffold, suggesting that the optimal seeding method may be different for each scaffold type. As
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Figure A.3: Proliferation (WST1 assay) of (A) human adipose derived stem cells (hADSCs) seeded on tracheal scaffolds
decellularized with the scCO2(III) method cultured for up to 7 days and (B) hADSCs seeded in a 24 well plate after 24 hours of
incubation. Bars represent the results of one experiment (n = 1).

already mentioned in the Discussion (Section 4.3), Hamilton et al., for instance, found that only few cells
covered the surface of tracheal scaffolds decellularized with DEM and statically seeded with bronchial
epithelial cells, while a large number of live cells were found on the surface of decellularized dermis
scaffolds [107], suggesting that cells do not easily adhere to decellularized tracheal scaffolds. In other
studies on the decellularization and recellularization of tracheal tissue limited information is provided
on cell seeding efficiency and cell adherence after a longer culture period (e.g. 7 days). Butler et al.,
for instance, only showed cellular adhesion of bronchial epithelial cells for up to 5 days [45]. Whereas
Zhong et al., for example, demonstrated that after a culture period of 7 days, the number of cells seeded
on the decellularized trachea matrices decreased, but no histological images were displayed [127].

Furthermore, the seeding volume used has been found to affect cell seeding efficiency. In a study
by Buckley and O’Kelly, different cell seeding volumes were studied. They showed that the highest
seeding efficiency was found using a seeding volume of 25 µL (85.4% ± 4.9%), whereas the lowest
seeding efficiency was found with a seeding volume of 100 µL (43.8% ± 3.2%) [128]. Similarly, Kurzyk
et al. demonstrated that the seeding efficiency increased when a seeding volume of 35 µL was used,
in comparison to a seeding volume of 50 µL [129]. In our seeding experiments, we only used a seeding
volume of 100 µL. This could thus have attributed to the limited cell adherence observed. It should
be mentioned however, that a test experiment in which pADSCs in a seeding volume of 35 µL were
seeded on a scCO2(II) scaffold did not display enhanced cell adherence (data not shown).

Besides, the experience of the author could also have played a role. Over time, the author naturally
gained more experience with seeding of the scaffolds.

In summary, a variety of variables may have played a part. To further optimize cell seeding efficiency
and investigate the effects of various variables on cell seeding of decellularized tracheal matrices, a
full factorial design experiment could be conducted, similar to the study of Levin et al. [130]. Variables
like cell seeding density, seeding volume, cell passage number, seeding time, cell type and so on could
then be investigated further.
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Figure A.4: Proliferation (WST1 assay) of (A) porcine progenitor cells (isolated from pleura, pericard, trachea and adipose
tissue) seeded on tracheal scaffolds decellularized with the scCO2(III) and DEMethanol methods after 1 day and 7 day
proliferation. Bars represent the results of one experiment (n = 1). (B) H&E staining images of decellularized tracheal
constructs seeded with porcine progenitor cells isolated from pleura, pericard, trachea and adipose tissue and cultured for up to
7 days. The images of the DEMethanol scaffold seeded with progenitor cells isolated from pericard tissue at day 0 is a top view.
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Figure A.5: Comparison of recellularized decellularized tracheal scaffolds with porcine adipose derived stem cell (pADSC).
Cell suspensions of pADSCs (5x105/cm2) were pipetted on scaffold punches placed on a double layer of autoclaved Whatman
paper. After 24 hours, medium was changed to differentiation medium or the cellseeded constructs were continuously cultured
in proliferation medium. (A) Proliferation of the seeded cells was assessed with the WST1 assay. The WST1 assay mainly
shows a decline in metabolic activity from day 0 to day 7, both when cultured in (A1) proliferation medium as well as in (A2)
chondrogenic differentiation medium. (B) Images of pADSCs cultured on decellularized tracheal scaffolds at 0 and 7 days and
stained with H&E. Some cell adherence on the DEMethanol scaffolds after 7 day proliferation was seen. The results of one
experiment (n = 1) are depicted.
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Figure A.6: 24 hours (day 0) and 7 days after porcine adipose derived stem cell (pADSC) seeding onto DEMethanol and
scCO2(III) decellularized tracheal scaffolds that were incubated in 100% fetal calf serum (FCS) overnight, (A) the proliferation
(WST1 assay) of the cells was measured and (B) H&E images were taken. The results of one experiment (n = 1) are depicted.
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Figure A.7: Comparison of decellularized tracheal scaffolds seeded with fibrin encapsulated porcine adipose derived stem cell
(pADSC). pADSCs (5x105/cm2) were suspended in fibrinogen and, after addition of thrombin, pipetted on scaffold punches.
After 24 hours, medium was changed to differentiation medium or the cellseeded constructs were continuously cultured in
proliferation medium. (A) Proliferation of the seeded cells was assessed with the WST1 assay. Results of the cellseeded
constructs when cultured in (A1) proliferation medium or in (A2) chondrogenic differentiation medium are displayed. (B) Images
of fibrinencapsulated pADSCs cultured on decellularized tracheal scaffolds at 0 and 7 days and stained with H&E. The results
of one experiment (n = 1) are depicted.
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