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Summary
Several attemps have been performed to achieve a suitable tracheal replacement
for the treatment of different conditions characterized by a lack of sufficient
tissue for surgical reconstruction. Actually, tracheal homografts can induce
long-term stenosis and their growth potential is not known. Thus, in this work
porcine tracheal matrices have been obtained by a detergent-enzymatic method.
The treatment decreased the antigenicity of matrices which were able to support the in vitro adhesion of both chondrocytes and tracheal epithelial cells.
On the contrary, only few cells were observed in tracheal matrices prepared
with formalin, Thimerosal, and acetone, suggesting that the long-term stenosis
occuering in vivo is probably because of an insufficient cell ingrowth. In summary, our results indicate that the detergent-enzymatic method allows us to
obtain tracheal matrices which can function as a promising support to achieve
an in vitro tissue-engineered cell-matrix construct.

Introduction
Different tracheal pathological conditions, such as congenital atresia or stenosis and tumor invasion, are often characterized by a lack of sufficient tissue for surgical
reconstruction. Thus, several attempts have been performed
to achieve a suitable tracheal replacement. Synthetic materials such as polytetrafluoroethylene, polypropilene mesh,
Dacron polyurethane mesh, and silicone rubber, can induce
infection, extrusion and stenosis [1]. The latter complication is common to autologous and alloplastic tissues, like
cartilage, esophagus, muscle and periosteum [2–5].
Cadaveric human tracheal allografts obtained by a treatment with formalin, Thimerosal, and acetone have been
already employed in humans [6]. As these implants do not
present viable cells and all major histocompatibility complex (MHC) markers, immunosuppression is not necessary
[7]. Nevertheless, tracheal allografts need long-term tracheal stenting when longer segments of trachea with
greater circumference have to be replaced. Despite the

complete luminal epithelialization of the implanted grafts,
there is no live cartilage in the donor trachea [8]. It has
been hypothesized [9] that the lack of cell ingrowth could
be responsible for the observed stenosis and tracheomalacia. On the contrary, cryopreserved tracheal allografts may
represent a valuable alternative, because they do not
require immunosuppression and the cellular components
remain well preserved after the implantation [9,10]. Moreover, Liu et al. [11] showed that tracheal grafts treated
with detergent removing epithelium and glands can be
used in immunosuppressant-free allotransplantation.
Many lines of evidence pointed out that acellular matrices obtained by a detergent-enzymatic method [12] can
be used as bladder [13], urethra [14], and small bowel
[15] substitutes, because they allow cell adhesion and
growth and are in vivo remodeled in a living tissue.
Furthermore, the presence of autologous cells inside
the in vitro construct represents an important factor
which may enhance the biocompatibility of the implant
[16]. Over the past years, various biomaterials, such as
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PGA, collagen, and calcium alginate gels, have been successfully used in combination with chondrocytes to
obtain a tissue-engineered cartilage [17–19]. Moreover, a
tracheal substitute composed of chondrocytes and epithelial cells cultured in vitro on a degradable scaffold was
implanted into a defect previously created in the cervival
trachea of nude rats [20]. The animals were able to
breathe without mechanical ventilation and the outcomes
of surgery revealed that the implants showed a structure
resembling the native trachea.
In this preliminary work we have evaluated in vitro the
antigenicity of porcine tracheal matrices obtained by the
Meezan’s method [12], and ascertained whether they are
able to support in vitro the adhesion of both chondrocytes and tracheal epithelial cells.
Materials and Methods
Matrices from pig tracheas
All experiments were performed according to D.L.G.S
116/92 which warrants care of experimental animals in
Italy. The research project was approved by the Italian
Health Department according to the art. 7 of above mentioned D.L.G.S.
Tracheas, obtained from adult pigs, were stripped of
overlying tissue, deprived of trachealis muscle, and rinsed
four times in phosphate-buffered saline (PBS) containing
1% antibiotic and antimicotic solution (AF, Sigma Chemical Company, St Louis, MO, USA), and then treated
according to Meezan et al. [12] or Heberhold et al. [6].
The samples were processed as follows: distilled water
for 72 h at 4 C, 4% sodium deoxycholate (Sigma) for
4 h, and 2000 kU DNase-I (Sigma) in 1 m NaCl (Sigma)
for 3 h. Matrices were stored in PBS at 4 C until use.
The presence of cellular elements and MHC positive cells
were verified histologically (hematoxylin–eosin and
immunohistochemical staining) at each cycle. As control,
tracheas were treated with 4% formalin in sodium lactate
solution for 14 days, 4 g/l Thimerosal (Sigma) in Dulbecco’s phosphate buffered saline for 56 days, and stored
in acetone for a minimum of 10 days. Samples were
washed thoroughly in saline before use.
To quantify the amount of cells still visible after each
cycle of the detergent-enzymatic treatment, 10 slides from
each specimen was analyzed with an optical microscope
(Laborlux S; Leitz, Wetzlar, Germany) and a computeraided system (software by ‘Casti Studio Imaging’, Painiga,
VE, Italy). The samples were mounted with Vectashield
(Vector Laboratories, Inc., Burlingame, CA, USA) mounting medium for fluorescence with DAPI. The total number
of nuclei were visualized at ·250 by fluorescence microscopy. The cell density was expressed as number of nuclei/
105 lm2. Mean ± SD were determined for each analysis.
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Cell cultures
The auricular cartilage of a newborn pig was minced, and
chondrocytes were isolated by digestion with 0.1% collagenase B (Roche, Mannheim, Germany) in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma) at 37 C for
3 h. Cells were seeded on Petri dishes previously coated
with 0.1% gelatin (Sigma), and cultured with DMEM and
Nutrient Mixture F12 Ham’s (F12; Sigma) containing
10% fetal calf serum (FCS; Biochrom-Seromed, Berlin,
Germany), 0.4 lg/ml hydrocortisone, 8 ng/ml cholera
toxin, 5 lg/ml insulin, 20 lg/ml adenin, 10 lg/ml tranferrin, 10 lg/ml triiodothyronin, and 1 ng/ml EGF (Sigma).
Tracheal epithelial cells were obtained from the mucosal
lining of the trachea tissue by plating small explants on
Petri dishes. Cells were cultured with DMEM and Nutrient
Mixture F12 Ham’s (F12; Sigma) (3:1, v/v) containing
10% FCS, 0.5 lg/ml hydrocortisone, 8 ng/ml cholera
toxin, 5 lg/ml insulin, 10 lg/ml tranferrin, 7 lg/ml triiodotyronin, 0.1 ng/ml retinoic acid, and 0.5 ng/ml EGF.
Three days after plating cultures were grown in a serum
free media. The depth of apical fluid was £0.5 mm.
Immunochemistry
The lack of all MHC markers and the presence of b-FGF
were evaluated by immunostaining. After each detergentenzymatic treatment, aliquots of trachea were fixed with
10% neutral buffered formalin for 24 h and embedded in
paraffin. Five lm vertical sections were incubated for
30 min at room temperature with PBS containing 10%
FCS. Samples were then incubated at 37 C for 1 h with
monoclonal anti-MHC class I OX27, anti-MHC class II
OX4, and anti-b-FGF antibodies (Abcam, Cambridge,
UK) diluted in 1% FCS–PBS (1:400), and then labeled
with avidin–biotin amplified immunoperoxidase method,
using the Large Volume Dako LSAB Peroxidase Kit
(Dako, Glostrup, Denmark).
Cell (5 · 104/cm2) obtained from primary cultures
were seeded in chamber slides (Nunc, Wiesbaden, Germany) and grown for 3–4 days.
Primary tracheal epithelial cells were fixed for 10 min
at 4 C in cold methanol. After washing, fixed cells were
incubated for 30 min at room temperature with PBS containing 10% FCS. Samples were then incubated at 37 C
for 1 h with a rabbit anti-mouse cytokeratin 18 antibody
(Sigma) diluted in 1% FCS–PBS (1:1000), and then labeled as described above.
Primary chondrocyte cultures were fixed with 2% (w/v)
paraformaldehyde, permeabilized using 0.2% Triton
X-100 in PBS, washed three times with PBS, and treated
with 10% (v/v) normal goat serum in PBS as blocking
reagent. The cells were incubated with the primary anti-
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body, polyclonal cartilage oligomeric matrix protein
(COMP) antiserum diluted in 1% BSA–PBS (1:20) (kindly
purchased by Dr M. Paulsson, University of Cologne,
Germany) for 60 min, followed by detection with
secondary Cc2-coniugated anti-rabbit IgG antibody
(Chemicon International, Temecula, CA, USA). The samples were mounted and examined under a fluorescence
microscope (Zeiss Axioplan, Carl Zeiss Oberkochën, Jena,
Germany).
Negative controls were carried out by similarly treating
matrices and cultures and omitting the primary antibody.
In vitro cultures of tracheal epithelial cells and
chondrocytes on homologous matrices
Primary cultures of tracheal epithelial cells or chondrocytes were seeded (5 · 105/cm2) on homologous acellular
matrix internal and external side, respectively. The culture
surface was about 4 cm2. The cells were maintained in culture with the media above described (see Cell cultures).

Adhesion of chondrocytes and tracheal epithelial cells

To qualitatively evaluate cell adhesion, at 24 and 48 h
after seeding, matrices were fixed with 3% gluteraldehyde
(Merck, Darmstadt, Germany) in 0.1 m cacodylate buffer
(pH 7.2) (Prolabo, Paris, France). After critical point drying and gold sputtering, cultures were examined by a
scanning electron microscope (Stereoscan-205 S, Cambridge Instruments, Cambridge, UK). The not reseeded
matrices were used as control.
Results
Tracheal matrices
Eighteen cycles of the detergent-enzymatic treatment were
not able to completely decellularize trachea specimens
(Fig. 1a) in comparison with the not treated tissue
(Fig. 1b). Several chondrocytes were still visible inside
the cartilage rings, whereas epithelial cells and glands disappeared (Fig. 1c). As shown in Table 1, the samples
obtained with higher numbers of cycles (22) were
completely decellularized, but they seemed not suitable

Figure 1 Transversal sections of tracheal matrices after 18 cycles of detergent-enzymatic treatment (a, c) and native trachea (b, d) immunostained with monoclonal anti-MHC class II OX4 (a, b) and anti-b-FGF (c, d) antibodies. (a, b: magnification ·100; c, d: magnification ·40).
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Table 1. Amount of nuclei visible in tracheal matrices before and
after the detergent-enzymatic treatment.
Number of
cycles

Number of
nuclei/105 lm2 ± SD

0
6
12
18
22

311 ±
220 ±
123 ±
29 ±
0

32
27
42
7

for surgical purpose because they lose their structural
integrity. Eighteen cycles were needed to remove both
MHC class I (data not shown) and class II (Fig. 1a) positive cells in the tracheal matrices. So, we decided to use
samples treated with 18 cycles for the in vitro experiments. Moreover, immunohistochemical staining revealed
the presence of b-FGF in both treated (Fig. 1c) and native

Figure 2 Chondrocyte cultures. (a) Phase-contrast microscopy of cultures 4 days after isolation (magnification ·100); (b) primary cultures
immunostained with monoclonal anti-COMP antibody (magnification
·400).
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(Fig. 1d) tracheas. A strong positivity for FGF-2 was
observed, mainly located at the connective tissue.
Cell cultures
Cultured chondrocytes displayed the typical polygonal
shape (Fig. 2a) and were positively stained by the antiCOMP antibody at day 8 (Fig. 2b).
Tracheal epithelial cells migrated out the explant on
the third day, and showed the typical columnar shape
with beating cilia (Fig. 3a). In addition, cultured epithelial
cells expressed cytokeratin 18 (Fig. 3b).
In vitro cultures of chondrocytes or tracheal epithelial
cells on homologous trachea matrices
At 24 h, matrices obtained by the detergent-enzymatic
method showed many round chondrocytes (Fig. 4a). At

Figure 3 Tracheal epithelial cell cultures. (a) Phase-contrast microscopy of cultures 3 days after isolation (magnification ·50); (b) primary
cultures immunostained with monoclonal anti-cytokeratin 18 antibody
(magnification ·250).
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Figure 4 Scanning electron microscopy of tracheal matrices obtained by the detergent-enzymatic method (a, b) and the Heberhold method (c, d)
after 24 (a, c) and 48 h (b, d) from chondrocyte seeding.

48 h, cells were more flattened and almost completely
covered the matrix surface (Fig. 4b). On the contrary, in
tracheas treated with Heberhold’s method only few cells
were seen at 24 h (Fig. 4c), and after further 24 h their
number even decreased (Fig. 4d). Similar results were
obtained with tracheal epithelial cells. Ciliated cells
attached on matrices treated with detergent and enzyme
(Fig. 5a), whereas only few and rounded cells were
observed on the controls (Fig. 5b). The surface of not
reseeded acellular matrices, used as control, did not
present cells (data not shown).
Discussion
In this preliminary work we have demonstrated that tracheal matrices obtained by a detergent-enzymatic method
can support in vitro the adhesion of chondrocytes and
tracheal epithelial cells, thereby suggesting an alternative
tissue-engineered approach to the repair or replacement
of tracheal defects.
Today most tracheal lesions can be resected and primary reconstruction safely carried out. However, tracheal

substitution is needed in the case of very severe stenosis,
that cannot be safely corrected by slide tracheoplasty, and
of extended tumors in which invasion of larynx or mediastinum does not prevent complete resection with reconstruction of the larynx [21]. According to Belsey [22], a
tracheal substitute must have the following requirements:
(i) to be a laterally rigid, but longitudinally flexible tube,
and (ii) to possess ciliated respiratory epithelium lining.
For these reasons, tracheal homograft represents the ideal
substitute. However, the growth potential of the tracheal
homograft is not known and long-term stenosis can often
occur [8]. In the last decades, increasing evidence has
enlightened that acellular matrices obtained with the
detergent-enzymatic method can stimulate in vivo the
ingrowth of host cells, matrix formation, and the binding
of new cells and matrix to host tissue [13–16]. Those
characteristics would eventually prevent the formation of
stenosis.
Starting from these considerations, we first demonstrated that 18 cycles of the detergent-enzymatic treatment
induces a qualitative reduction in the expression of MHC
antigens in porcine tracheal matrices.
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Figure 5 Scanning electron microscopy of tracheal matrices obtained
by the detergent-enzymatic method (a) and the Heberhold method (b)
after 48 h from epithelial tracheal cells seeding.

Only epithelial cells disappear after treatment, whereas
chondrocytes are still visible inside the cartilage. MHC
class II and class I positive cells disappear in the treated
tracheal matrices. MHC class II antigen is normally
expressed by the dendritic cells of the trachea, which
function as antigen-presenting cells [23]. Hence, the loss
of MHC class II cells could minimize the allograft rejection, because they are essential for the recognition of alloantigen [24]. Moreover, it has been already demonstrated
that the immune responses to xenogeneic acellular tissue
are of Th2 class, not involving fixation of complement or
graft rejection, but rather inducing tolerance [25]. Immunosuppressive therapy is undesirable for many reasons,
especially because the principal need for trachea replacement is extensive carcinoma [8].
Nowadays, after in vivo implants, a major problem is
represented by low levels of cell survival because of a
delayed neovascularization [26]. It has been previously
732

reported that with increasing cell density and tissue size,
the volumetric oxygen consumption rate in the cell bed
increased while the effective substrate diffusivity in the
cell bed decreases, resulting in the formation of necrotic
areas in the core part of tissues [27]. To solve this problem Tojo et al. [10] have successfully used omental flaps
to revascularized cryopreserved tracheal grafts. Other
approaches can be used for vascularization of bioengineered tissue: incorporation of angiogenic factors in the
scaffolds, seeding endothelial cells with other cell types
and prevascularization of matrices prior to cell seeding
[28]. Immunohistochemical staining revealed the presence
of b-FGF [29,30], a well-known angiogenic factor, inside
the treated matrices. Further studies will be necessary to
ascertain whether the residual b-FGF maintains its angiogenic activity after the detergent-enzymatic treatment.
In the second step of this study we obtained separate
cultures of porcine chondrocytes and tracheal epithelial
cells. Chondrocytes were derived from the cartilage of newborn porcine ear, cultured in a matrix composed of gelatin,
to avoid their dedifferentiation. In fact, when chondrocytes
are maintained in monolayer culture, their biosynthetic
profile rapidly shifts to a fibroblast-like phenotype [31].
Actually, it has been suggested that the frequent formation
of fibrocartilage instead of hyaline cartilage may be the
result of the dedifferentiation of chondrocytes occurring in
monolayer culture [32]. In our cultures, cells were positive
to COMP, one of the major non-collagenous proteins in
the cartilage [33]. COMP, together with collagen tipe IX, is
more sensitive than other proteins (e.g. collagen type II),
to dedifferentiation, thus representing a useful marker of
differentiation state of primary chondrocytes [34].
Regarding epithelial cell cultures, we could achieve a
ciliated cell differentiation in primary tracheal epithelial
cells submerged cultures using depths of apical fluid
£0.5 mm, according to Ostrowski and Nettesheim [34]
which reported that submersion inhibits, but does not
prevent in vitro ciliogenesis.
Finally, the detergent-enzymatic method allowed us to
obtain tracheal matrices which in vitro supported adhesion of both chondrocytes and tracheal epithelial cells.
On the contrary, only few cells were observed in tracheal
matrices prepared by the Heberhold’s method, suggesting that the long-term stenosis occurring in vivo is
probably because of an insufficient cell ingrowth. In fact,
even with the extensive washing of these matrices, the
chemicals used could remain inside the patches and
exert cytotoxic effects and/or modify matrix composition, with ensuing inhibition of cell adhesion and proliferation. Less aggressive treatments, such as repeated
freeze–thaw, lyophilization and chemical dehydration,
appear more suitable to obtain devitalized cartilage able
to maintain cultured chondrocytes [35]. Moreover, it
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has been already demonstrated that the detergentenzymatic method does not alter either the matrix structure or the basement membrane complex [36], and this
in turn avoids matrix degradation in vivo [37].
In conclusion, our findings indicate that the detergent-enzymatic method allows us to obtain tracheal matrices which can function as a valuable support to
achieve an in vitro tissue-engineered cell-matrix construct. Further in vitro and in vivo investigations will be
necessary to ascertain whether this approach could represent a promising tool for tracheal replacement. It will
be noteworthy to evaluate not only the biomechanical
properties of the tracheal matrices, but also the influence
of residual chondrocytes after detergent-enzymatic treatment on seeded cells.
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