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Abstract

Background: Repairing tracheal defects remains a significant challenge in tracheal surgery. Previous attempts using traditional tissue-
engineered tracheal scaffolds in large animal models have largely failed due to inflammation and insufficient mechanical properties.
Methods: In this study, we propose a novel approach that uses cell sheet technology to construct scaffold-free cartilage sheets in vitro.
These sheets are stacked and then implanted into goats for further maturation, resulting in large neocartilage tissue with mechanical
properties comparable to native tracheal cartilage. We evaluated three methods of tracheal defect repair in goat models using the stacked
cartilage sheets: (1) In situ repair with stacked cartilage sheets without vascular pedicle; (2) In situ repair with stacked cartilage sheets
and preservation of the vascular pedicle; (3) In situ repair with stacked cartilage sheets, preservation of the vascular pedicle, and T-tube
insertion. Results: Airway stability was successfully restored in all animals, with all goats surviving until the end of the experiment
without surgery-related complications. Goat 1 exhibited significant granulation tissue hyperplasia compared to goats 2 and 3. The
airway morphology was best maintained in goat 3, which showed the highest degree of re-epithelialization, followed by moderate re-
epithelialization in goat 2, and minimal in goat 1. Conclusions: These results suggest that stacked cartilage sheets are a viable option for
tracheal repair, with vascular pedicle preservation and T-tube insertion enhancing therapeutic outcomes. Our study represents the first
successful use of scaffold-free cartilage sheets for tracheal repair and provides a theoretical foundation for applying this technology in
tracheal reconstruction.
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Introduction
Airway structural damage or dysfunction can result

from various factors [1]. For patients with localized tra-
cheal defects, traditional segmental resection is technically
challenging for large defects, involves significant trauma,
and does not fully preserve the remaining healthy trachea
[2]. Although several techniques have been proposed to
reduce surgical trauma and preserve as much of the nor-
mal trachea as possible, these methods still cause substan-
tial trauma at the donor site, and the outcomes are often
inconsistent [3]. The use of biological patches for airway
repair has been explored, but complete physiological recon-
struction of the airway defect has not yet been achieved [4].
Thus, there is an urgent need to develop new treatment op-
tions.

Recent advances in tissue engineering offer promis-
ing solutions to this challenge [5,6]. The primary goal of

tissue engineering is to create biologically functional living
tracheal tissue for the permanent repair of tracheal defects.
While tissue-engineered trachea has shown some success in
reconstructing long tracheal defects in small animal mod-
els [7,8], these approaches often fail in larger animal mod-
els due to respiratory complications [9–11]. Large animal
models, which better replicate human airway anatomy and
physiology, are crucial for evaluating the efficacy of en-
gineered tracheal substitutes [12]. Therefore, developing
large animal models with closer anatomical and physiolog-
ical similarity to humans is a key step in advancing tissue-
engineered trachea reconstruction into clinical applications.

Tissue-engineered trachea protocols have achieved
certain success in their application in small animal models
(e.g., rabbits, mice), whereas attempts in large animal mod-
els have generally been unsuccessful. Traditional tissue-
engineered tracheal repair strategies typically rely on scaf-
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fold materials (biological or synthetic) as the core compo-
nent [13]. Biological scaffolds, such as decellularized tis-
sues, face challenges such as a lack of standardized decel-
lularization protocols and difficulties in balancing immune
compatibility with the preservation of native tissuemechan-
ical properties [14–16]. Synthetic scaffolds, on the other
hand, often induce immune responses due to degradation,
impairing cartilage regeneration [17]. Despite efforts to
mitigate these inflammatory responses [18–21], these solu-
tions remain ineffective. As a result, scaffold-related chal-
lenges hinder the success of tissue engineering in large an-
imal models, despite promising results in smaller ones.

In response to these challenges, cell sheet technology
has emerged as a promising alternative [22]. Introduced in
1990, this technique has shown potential for regenerating
various tissues [23,24]. Notably, cell sheet technology does
not rely on external scaffold materials, potentially avoiding
the immune-inflammatory responses associated with tra-
ditional scaffolds. Cartilage sheets produced through this
method preserve cell-cell junctions and extracellular ma-
trix (ECM) components, enabling the expression of genes
and proteins related to cell adhesion and promoting carti-
lage formation [25,26]. By stacking multiple layers of car-
tilage sheets, their mechanical strength can be enhanced,
making them suitable for meeting the mechanical demands
of tissue-engineered trachea in large animal models [22].

To address these issues, we propose a novel strategy
for preparing cartilage sheets in vitro using cell sheet tech-
nology. These stacked cartilage sheets will be implanted
subcutaneously for further maturation. We will use these
stacked cartilage sheets to repair tracheal window defects
in a goat model, testing three approaches: 1) In situ tra-
cheal repair using stacked cartilage sheets without vascu-
lar pedicle; 2) In situ tracheal repair using stacked cartilage
sheets with vascular pedicle preservation; 3) In situ tracheal
repair using stacked cartilage sheets without vascular pedi-
cle, with T-tube insertion. Our study not only provides a
new approach for treating tracheal window defects but also
lays the theoretical groundwork for applying cell sheet tech-
nology to long-segment tracheal resection and reconstruc-
tion. We hope this research will advance clinical applica-
tions in tracheal surgery, transforming previously inoper-
able defects into operable ones, thereby simplifying pro-
cedures, reducing trauma, and offering promising clinical
prospects.

Materials and Methods
Isolation of Primary Chondrocytes From Goat Auricular
Cartilage

All animal procedures were carried out in adher-
ence to the Guidelines for Care and Use of Labora-
tory Animals of Shanghai Pulmonary Hospital affiliated
to Tongji University, and were approved by the Animal
Ethics Committee of Shanghai Pulmonary Hospital affil-
iated to Tongji University. Six-month-old white goats

(Shanghai Yunde Breeding Factory) were prepared, to in-
duce anesthesia, goats received a single intramuscular in-
jection of ketamine (5 mg/kg; Fujian Gutian Pharmaceu-
tical Co., Ltd. China, H35020148), after which propofol
(10 mL/min; Guangzhou Jiabo Pharmaceutical Co., Ltd.
China, 191377109) was administered through intravenous
infusion to maintain anesthesia. Endotracheal intubation
was performed after adequate anesthesia, and mechanical
ventilation was maintained via a ventilator. Approximately
5 × 6 cm sections of the auricle were excised under sterile
conditions. The surface tissue was removed to expose the
cartilage. The cartilage was pre-treated with 0.25% trypsin
(Gibco, USA, 25200056) at 37°C for 30 minutes, then
minced into approximately 1 mm2 pieces. The minced car-
tilage was digested with 0.15% type II collagenase (Nord-
mark, Germany, S1745401) at 37°C, 100 rpm, for 12 hours.
After digestion, the tissue was filtered through a 40 µm
cell strainer (BD Falcon, USA, 352340) to remove residual
fragments. The filtrate was centrifuged at 1500 rpm for 5
minutes, and the supernatant was discarded. The pellet was
washed three times with phosphate-buffered saline (PBS,
Gibco, USA, 10010023) and centrifuged again to collect
the primary chondrocytes.

Primary Culture and Passage Expansion of Chondrocytes

The isolated primary chondrocytes were resuspended
in Dulbecco’s modified Eagle medium (DMEM, Gibco,
USA, 11995065) containing 10% fetal bovine serum (FBS,
Gibco, USA, 16000-044) and 1% penicillin–streptomycin
(Gibco, USA, 15140-122). Cell viability was assessed us-
ing Trypan Blue staining (Beyotime, China, ST798). Chon-
drocytes were plated at a density of 2 × 106 cells per
100 mm culture dish (Corning, USA, 430167) and cul-
tured in a humidified incubator at 37°C with 5% CO2. The
medium was replaced every 2–3 days. Once the chondro-
cytes reached 90% confluence, they were passaged at a 1:4
ratio into new 100 mm plates and cultured under the same
conditions.

In Vitro Formation of Cartilage Sheets

Passage 2 (P2) chondrocytes were digested, cen-
trifuged, and resuspended in complete medium. The cells
were plated at 5 × 106 cells/cm2 in 6-well plates (Corn-
ing, USA, 3516) and induced with DMEM supplemented
with 10 ng/mL transforming growth factor beta1 (R&D
Systems, MN, USA, 7754-BH-025), 50 ng/mL insulin-like
growth factor-I (R&D Systems, MN, USA, 291-G1-200),
insulin-transferrin-selenium-X (Gibco, USA, 51500056),
and ascorbic acid (Sigma, USA, A4544) at 37°C in a 5%
CO2 incubator. The cartilage sheets were cultured for 8
weeks. Samples were carefully peeled off the plates using
forceps and analyzed at the 2nd, 4th, and 8th weeks.
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In Vivo Culture of Stacked Cartilage Sheets
The anesthesia procedure was consistent with that de-

scribed above, after anesthesia, a 4 cm longitudinal inci-
sion was made along the midline of the goat’s neck, and a
skin flap was raised to form a pouch. Two pieces of car-
tilage sheets were stacked and implanted into the pouch.
The incision was sutured intermittently. From the day of
surgery, goats received intramuscular penicillin (Huachu,
China, 1292) for 3 days. Samples were collected for histo-
logical analysis at the 4th and 8th weeks.

In Situ Tracheal Repair Using Stacked Cartilage Sheets
After 8 weeks of in vivo implantation, goats were

anesthetized, and a 4 cm longitudinal incision was made
along the midline of the neck. Subcutaneous tissue and
pre-tracheal muscles were dissected layer by layer to ex-
pose the cervical trachea. A 1.5× 2 cm segment of tracheal
cartilage was excised. A second incision was made on the
opposite side of the neck to fully expose the stacked carti-
lage sheet. The sheet was trimmed to fit the defect. Three
goats were divided into three treatments using the random
sampling method; in situ tracheal repairs were performed
as follows:

Treatment 1 (No vascular pedicle; goat 1): The
stacked cartilage sheet was fully dissociated and sutured
onto the tracheal defect using 4-0 polysorb (Covidien, USA,
UL203) sutures.

Treatment 2 (Vascular pedicle preservation; goat 2):
The stacked cartilage sheet was partially dissociated, pre-
serving a unilateral vascular pedicle, and sutured onto the
defect using 4-0 polysorb sutures.

Treatment 3 (No vascular pedicle + T-tube insertion;
goat 3): The stacked cartilage sheet was fully dissociated
without a vascular pedicle. A T-tube was inserted through
a cut in the trachea, extending 1 cm beyond the defect, and
the sheet was sutured using 4-0 polysorb sutures.

The surrounding neck muscles were freed and sutured
to cover the cartilage sheet and surrounding tissues. The
incision was closed in layers. The goats were treated with
penicillin for 7 days, and respiratory condition and weight
changes were monitored. After 6 months, euthanasia was
performed, and tissue samples from the repair site and ad-
jacent native trachea were collected.

Relevant Testing of Cartilage Sheets
Cartilage sheet samples were collected at the 2nd, 4th,

and 8th weeks of in vitro culture, and at the 4th and 8th
weeks of in vivo culture. Histological analyses, includ-
ing Hematoxylin and Eosin (H&E) staining (Proteintech,
China, PK10031), Safranin-O staining (Solarbio, China,
G1371), Masson’s trichrome staining (Solarbio, China,
G1340), and immunohistochemistry/immunofluorescence
staining for type II collagen (COL II, Proteintech, China,
28459-1-AP/CL488-28459) were performed. Quantitative
analyses included measurements of DNA content, gly-

cosaminoglycan (GAG) content, and COL II content fol-
lowing methods described in prior reports [17]. The
GAG/DNA and COL II/DNA ratios were determined based
on the collected data.

The thickness was measured from H&E sections, to
ensure consistency and representativeness, all measure-
ments were systematically taken from the central, flattest
region of each construct, avoiding the rolled edges.

The wet weight of the regenerated cartilage was mea-
sured immediately after retrieval. Each construct was
briefly rinsed with PBS to remove culture medium, gently
blotted on filter paper to remove excess surface moisture,
and then weighed on a microbalance.

The Young’s modulus of all samples was determined
using a biomechanical analyzer (Instron-5542, Canton,
USA) with a constant crosshead speed of 1 mm/min, fol-
lowing a previously established method [16]. The samples,
which included in vitro-cultivated cartilage sheets (2, 4, 8
weeks), in vivo-cultivated stacked sheets (4, 8 weeks), and
native tracheal cartilage (n = 3 per group), were subjected
to unconfined compression up to 80% of their maximal de-
formation. The modulus was calculated from the slope of
the resulting stress-strain curve.

Additionally, tracheal samples from all goats (1, 2,
and 3) were collected from areas where the stacked carti-
lage sheets were located, as well as from adjacent tracheal
segments. These samples were subjected to gross observa-
tion and histological analysis using H&E, Safranin-O,Mas-
son’s trichrome staining, and immunohistochemical COL II
staining.

Statistical Methods
Data were analyzed using SPSS 26 software (IBM

Corp., Armonk, NY, USA). Quantitative data are presented
as means± standard deviation. A T-test was used for inter-
group comparisons, and differences were considered statis-
tically significant when p < 0.05.

Results
In Vitro Formation of Cartilage Sheets

Upon seeding primary chondrocytes at a density of
2 × 106 cells per 100 mm culture dish, light microscopic
observations revealed rapid expansion from day 0 to day
4. After adhering to the surface, they adopted a polygonal
shape (Fig. 1a).

To obtain sufficient chondrocytes for subsequent car-
tilage sheet formation, the primary chondrocytes were pas-
saged to P2. The P2 chondrocytes proliferated rapidly and
achieved confluence by day 4 (Fig. 1b), indicating their fa-
vorable viability. Given that P2 chondrocytes maintained a
similar phenotype to primary chondrocytes, they were se-
lected for the preparation of cartilage sheets in subsequent
experiments.

The P2 chondrocyte suspension was seeded at a den-
sity of 5 × 106 cells/cm2 in 6-well plates. After 4 days of
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Fig. 1. In vitro cultivation of chondrocytes and formation of primary cartilage sheets. (a) Light microscopy images of primary
chondrocyte culture from day 0 to day 4. (b) Light microscopy images of P2 chondrocyte culture from day 0 to day 4. (c) Light
microscopy images showing the development of cartilage sheets from day 1 to day 4 of culture. (d) Macroscopic images of cartilage
sheets from day 1 to day 4 of culture.

culture, the chondrocytes at the plate edges were fully inte-
grated, expanding outward to fill the entire well, showing
signs of overlay fusion (Fig. 1c). At day 4, the chondro-
cytes began to form a stacked, three-dimensional structure,
making individual cells difficult to distinguish under themi-
croscope.

Macroscopic observation revealed a thin, translucent
cartilage sheet at the bottom of the culture dish by day 1.
As the culture progressed, the sheet thickened, transitioning
from translucent to opaque white and gelatinous between
days 1 and 4 (Fig. 1d). However, the sheet was still too
weak to handle at day 4.

Therefore, we extended the in vitro chondrogenic cul-
ture to 8 weeks. Over time, the cartilage sheet thickened
and gradually changed from translucent tomilkywhite (Fig.
2a). By the 8th week, the cartilage sheet had matured with a
uniform, smooth surface and a semi-translucent, milky ap-
pearance. The sheet could be easily peeled from the culture
plates using forceps.

Histological analysis revealed that the thickness and
cartilage-specific ECM secretion of the cartilage sheets in-
creased gradually. Lacunae-like structures began to form,
consistent withmacroscopic observations. By the 8thweek,
the sheets had a porcelain white appearance with increased
thickness and clear ECM deposition, as confirmed by H&E,
Safranin-O, and immunofluorescence COL II staining (Fig.
2b–d). This finding was further confirmed by immunofluo-
rescence staining of COLX andMMP-13 (Supplementary
Fig. 1).

Quantitative analysis demonstrated steady improve-
ments in Young’s modulus (Fig. 2e), thickness (Fig. 2f),
wet weight (Fig. 2g), DNA content (Fig. 2h), GAG/DNA
ratio (Fig. 2i), and COL II/DNA ratio (Fig. 2j) over the cul-
ture period. These results suggest that chondrocytes gradu-
ally matured into cartilage tissue during the in vitro culture
process.

In Vivo Formation of Stacked Cartilage Sheets
Given that the thickness and mechanical properties of

a single cartilage sheet were insufficient for tracheal repair,
two cartilage sheets were stacked and implanted subcuta-
neously in goats to generate a more robust graft.

A 4 cm longitudinal incision was made along the mid-
line of the goat’s neck (Fig. 3a), and a skin flap was raised
to form a pouch (Fig. 3b). The stacked cartilage sheets
were placed into the pouch (Fig. 3c–e), and the incision
was sutured intermittently (Fig. 3f).

Macroscopic observations revealed that, after 4
weeks, the stacked cartilage sheets had a red appearance
with an uneven surface. However, after 8 weeks of in vivo
culture, they appeared porcelain white with a smooth sur-
face, showing improved cartilage-like features compared to
those at 4 weeks (Fig. 3g).

Histological examination using H&E staining re-
vealed that the chondrocytes within the stacked cartilage
sheets maintained normal morphology and staining, with
lacunae-like structures surrounding the chondrocytes, re-
sembling native cartilage. At 8 weeks, the cartilage sheets
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Fig. 2. Prolonged in vitro cultivation of cartilage sheets. (a) Macroscopic observation of cartilage sheets at weeks 2, 4, and 8 of in
vitro culture. (b) H&E staining of cartilage sheets at weeks 2, 4, and 8 of in vitro culture. (c) Safranin-O staining of cartilage sheets at
weeks 2, 4, and 8 of in vitro culture. (d) COL II immunofluorescence staining of cartilage sheets at weeks 2, 4, and 8 of in vitro culture.
(e) Comparison of Young’s modulus, (f) thickness, (g) wet weight, (h) DNA content, (i) GAG/DNA ratio, and (j) COL II/DNA ratio of
cartilage sheets at weeks 2, 4, and 8 of in vitro culture. ∗p < 0.05; ∗∗p < 0.01. ns, no significance. n = 3.

Fig. 3. In vivo cultivation of stacked cartilage sheets. (a) A 4 cm longitudinal incision was made at the midline of the goat’s neck. (b)
A skin flap was raised to form a pouch. (c-e) The layered cartilage sheets were placed into the pouch. (f) The incision was intermittently
sutured. (g) Macroscopic observation of cartilage sheets at weeks 4 and 8 of in vivo culture. (h) Histological analysis of cartilage sheets
at weeks 4 and 8: H&E staining, Safranin-O staining, Masson’s Trichrome staining, and COL II immunohistochemical staining (Black
dashed lines labeled the regenerated cartilage sheet layers). (i) Comparison of thickness, (j) Young’s modulus, (k) GAG/DNA ratio, and
(l) COL II/DNA ratio of cartilage sheets at weeks 4 and 8 of in vivo culture and native tracheal cartilage. ∗p < 0.05; ∗∗p < 0.01. ns, no
significance. n = 3.
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Fig. 4. In situ tracheal repair using stacked cartilage sheets without a vascular pedicle. (a) Creation of the tracheal window defect.
(b) Repair of the tracheal defect using a cartilage sheet without a vascular pedicle. (c) Macroscopic observation of the repair area 6
months post-surgery. (d) Longitudinal sections showing the repaired area, stained with H&E, Safranin-O, Masson’s Trichrome, and
immunohistochemical COL II staining. (e) Magnified images of the cartilage sheet from the area indicated by the black dotted square in
panel (d). (f) Magnified images of the native trachea from the area indicated by the yellow dotted square in panel (d). The black dotted
line indicates the border between the repair area and the native trachea.

were thicker than at 4 weeks, with more prominent lacu-
nae and a more uniform interior. Safranin-O staining, Mas-
son’s Trichrome staining, and immunohistochemical COL
II staining confirmed the deposition of cartilage-specific
ECM, such as GAG and COL II (Fig. 3h).

Notably, fibrous tissue began to grow between the lay-
ers of the stacked cartilage sheets. Histological staining re-
vealed stratification within the single-layer cartilage sheets
after 4 weeks, with the stratified tissue consisting of carti-
lage. By week 8, the internal structure of the stacked sheets
had become more uniform, and muscle tissue had begun in-
filtrating the cartilage sheet on the muscle side, where COL
II deposition was more prominent (Fig. 3h). This finding
was further confirmed by immunofluorescence staining of
COL X and MMP-13 (Supplementary Fig. 2).

Quantitative analysis indicated that the stacked carti-
lage sheets’ thickness (Fig. 3i), Young’s modulus (Fig. 3j),
and GAG deposition (Fig. 3k) increased to levels compara-
ble to or exceeding natural tracheal cartilage. While COL
II deposition had not yet matched the levels of native tra-
cheal cartilage at 8 weeks, it increased steadily during in
vivo culture (Fig. 3l). These results suggest that the stacked
cartilage sheets matured over time, achieving mechanical
properties, ECM deposition, and thickness similar to native
tracheal cartilage.

In Situ Tracheal Repair via Stacked Cartilage Sheet
Without Vascular Pedicle

A tracheal cartilage patch was excised from the an-
terior trachea (Fig. 4a), and the in vivo obtained cartilage
sheet without a vascular pedicle was sutured onto the tra-
cheal defect (Fig. 4b). At 6 months post-surgery, the goats
remained healthy, with normal eating, breathing, and vo-
calization, and stable weight gain. No anastomotic com-
plications or respiratory infections were observed, and no
life-threatening events occurred. The stability of the re-
paired trachea was acceptable, with approximately 50% lu-
men narrowing. A spherical mass of granulation tissue was
observed in the central repair area, surrounded by a smooth
inner tracheal wall (Fig. 4c).

Histological examination revealed native tracheal car-
tilage and the cartilage graft. The proximal part of the graft
maintained its morphology well, with ECM deposition ap-
proaching that of native tracheal cartilage (Fig. 4d–f). Car-
tilage phenotype was preserved by these patches in all three
goats postoperatively (Supplementary Fig. 3).

In Situ Tracheal Repair via Stacked Cartilage Sheet With
Vascular Pedicle Preservation

A tracheal cartilage patch was excised from the an-
terior trachea (Fig. 5a), and the stacked cartilage sheet
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Fig. 5. In situ tracheal repair using stacked cartilage sheets with vascular pedicle preservation. (a) Creation of the tracheal win-
dow defect. (b) Macroscopic observation of the trachea at 6 months post-surgery, with the repair area indicated by black arrows. (c)
Macroscopic observation of the native trachea. (d) Longitudinal sections of the repaired area, stained with H&E, Safranin-O, Masson’s
Trichrome, and COL II immunohistochemical staining. (e) Magnified images of the cartilage sheet from the area indicated by the black
dotted square in panel (d). (f) Magnified images of the anastomosis area from the area indicated by the green dotted square in panel (d).
(g) Magnified images of the native trachea from the area indicated by the yellow dotted square in panel (d). (h) Tracheal epithelium in
the repaired area within the cartilage sheet, as indicated by the red dotted square in panel (d). Black dotted lines indicate the borders
between the repair area, anastomosis area, and native trachea.

with vascular pedicle preservation was sutured onto the tra-
cheal defect. At 6 months post-surgery, the goats were
healthy with normal physiological functions. The tracheal
repair showed approximately 40% lumen narrowing, with
a smooth, milky-white repair area and no significant granu-
lation tissue proliferation (Fig. 5b). The repair area closely
resembled the native trachea (Fig. 5c).

Histological analysis revealed partial resorption of
the cartilage graft, and both GAG and COL II deposition
reached levels comparable to native tracheal cartilage (Fig.
5d–g). Moderate re-epithelialization was observed, with
the airway epithelium migrating into the graft area; how-
ever, extensive coverage had not yet occurred (Fig. 5h).

In Situ Tracheal Repair via Stacked Cartilage Sheet
Without Vascular Pedicle and T-Tube Insertion

A tracheal cartilage patch was excised from the ante-
rior trachea, and the stacked cartilage sheet without a vas-
cular pedicle was sutured to the tracheal defect (Fig. 6a).
At 6 months post-surgery, the goats remained healthy with
no anastomotic complications or signs of infection. The re-
paired trachea showed no significant narrowing or softening

(Fig. 6b–c). A small amount of granulation tissue growth
was observed in the lumen, and the surrounding mucosa re-
mained smooth (Fig. 6d).

Histological analysis showed native tracheal cartilage
and the repaired graft, with the proximal part of the graft
maintaining its morphology well. ECM deposition in the
graft reached levels comparable to native tracheal carti-
lage. However, partial cartilage destruction, inflamma-
tory cell infiltration, and partial resorption were observed
in the central region (Fig. 6e–g). Notably, extensive re-
epithelialization was observed in the central region, with
airway epithelium migrating into the graft (Fig. 6h).

Discussion
Tracheal reconstruction remains a significant chal-

lenge in tracheal surgery [27]. While tissue-engineered tra-
cheal substitutes have shown intermediate-term success in
small animal models for treating tracheal defects [28], at-
tempts to reconstruct large-scale defects in large animal
models have generally failed, with only limited success re-
ported by a few groups [11,29]. In this study, we propose
using cell sheet technology to create scaffold-free cartilage
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Fig. 6. In situ tracheal repair using stacked cartilage sheets without vascular pedicle and T-tube insertion. (a) Repair of the
tracheal defect using a cartilage sheet without a vascular pedicle and with T-tube insertion. (b–d) Macroscopic observation of the trachea
at 6 months post-surgery, showing multiple views of the repair area. (e) Longitudinal sections of the repaired area, stained with H&E,
Safranin-O, Masson’s Trichrome, and COL II immunohistochemical staining. The black dotted line indicates the border between the
repair area and native trachea. (f) Magnified images of the cartilage sheet from the area indicated by the black dotted square in panel (e).
(g) Magnified images of the native trachea from the area indicated by the yellow dotted square in panel (e). (h) Tracheal epithelium in
the repaired area within the cartilage sheet, as indicated by the red dotted square in panel (e).

sheets in vitro, which, after in vivo maturation, can repair
tracheal window defects in large animal models.

We successfully developed cartilage sheets in vitro.
During culture, the sheet thickness gradually increased, and
both the mechanical properties and deposition of cartilage-
specific ECM components improved. ECM deposition ac-
celerated significantly over the course of 8 weeks, which
correlated with the increase in Young’s modulus measured
during testing. In the first four weeks, DNA quantification
revealed vigorous cell proliferation, with cell division out-
pacing ECMsecretion. During this period, the deposition of
GAGs and COL II steadily increased, and mechanical prop-
erties also improved. After the fourth week, cell prolifera-
tion slowed, and ECM secretion became more prominent.
This resulted in accelerated deposition of cartilage-specific
ECM components and a marked improvement in the me-
chanical properties of the cartilage sheets.

In the in vivo phase, we overlapped two cartilage
sheets before implantation to further enhance their mechan-
ical properties. In both 4-week and 8-week samples, we ob-
served vascularized fibrous connective tissue growing be-
tween the overlapping sheets, which may improve blood

supply to the cartilage. Histological examination of the 4-
week samples revealed uneven development within the car-
tilage sheet, possibly due to variability in blood supply or
differences in the central and peripheral areas of the graft.
By the 8th week, histology showed significant improve-
ment, with better overall uniformity, indicating that longer
in vitro culture promotes maturation of the cartilage sheets
and partially compensates for earlier limitations. After 8
weeks of in vivo implantation, the stacked cartilage sheets
reached thickness, mechanical properties, and ECMdeposi-
tion levels comparable to native tracheal cartilage. Impor-
tantly, after implantation into goats, the stacked cartilage
sheets remained stable, with no signs of disintegration or
immune rejection. This approach avoids the use of scaffold
materials, thereby minimizing the risk of scaffold-related
inflammatory responses and achieving in vivo regeneration
of tissue-engineered cartilage.

This study emphasizes the role of stacked cartilage
sheets in restoring airway stability. In our large animal
model, the stacked cartilage sheets successfully repaired the
airway defect, ensuring stable survival for 6 months with-
out any additional intervention. In goats 1 and 2, normal
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tracheal cartilage on both sides of the repair site migrated
toward the center, resulting in airway stenosis. However,
in goat 3, no such phenomenon was observed, suggesting
that early placement of a T-tube helps maintain normal air-
way morphology before the patch fully integrates [30]. De-
spite these differences in morphology, no adverse events
such as airway collapse occurred in any goat, and the air-
way morphology remained stable with mechanical proper-
ties similar to normal tracheal segments. After the T-tube
removal, airway morphology remained stable in goat 3, and
the mechanical properties were good. These results suggest
that stacked cartilage sheets can restore airway defect mor-
phology, and that previous failures in tracheal reconstruc-
tion using cartilage patches may not be due to the inherent
properties of the patches themselves. Our data support the
feasibility of using stacked cartilage sheets as tracheal sub-
stitutes for large animal models of airway defect repair.

The airway epithelium plays a crucial role in main-
taining the airway barrier and assisting in the clearance of
airway secretions [31]. However, pre-constructing a func-
tional airway epithelium remains challenging, as previous
studies often failed to achieve complete epithelialization of
tracheal grafts or replaced the epithelium with squamous
epithelial tissue [17,22]. Some studies suggest that the ab-
sence of certain epithelial functions can be compensated by
the cough reflex [22,32,33] and that the airway epithelium
has limited migratory capacity [34]. Preclinical study has
indicated re-epithelialization occurs frommigration of cells
from the wound edge [35], And re-epithelialization of tra-
cheal grafts has also been observed in some case reports
[34,36]. But the destiny of such epithelium is hard to be
observed in vivo due to the lack of a safe and reliable ap-
proach. In long-segment tracheal transplants, limited ep-
ithelial migration often prevents complete epithelialization
of the graft. However, in tracheal window defects, the
smaller graft area may facilitate more effective epithelial-
ization. In our study, the airway epithelium migrated from
the peripheral area of the patch to the central region. In
contrast to long-segment tracheal replacements, the smaller
repair area required for tracheal window defects theoreti-
cally may reduce the difficulty of re-epithelialization via
natural epithelial migration. Our results showed that, ex-
cept in goat 1, where significant granulation tissue prolifer-
ation occurred, goats 2 and 3 exhibited clear epithelial mi-
gration, with granulation tissue proliferation within accept-
able limits and no adverse events such as airway stenosis
caused by excessive granulation tissue [37]. No significant
mucus accumulation was observed in the harvested tracheal
specimens [11]. This study demonstrates that, in small-area
tracheal replacements, stacked cartilage sheets can achieve
good re-epithelialization through migration of surrounding
normal tracheal epithelium without severe granulation tis-
sue proliferation or other adverse events. Similarly, we are
unable to determine the occurrence, development, and ulti-
mate fate of this epithelium for the time being.

The unique vascular supply pattern of the trachea
makes achieving vascularization of tracheal substitutes via
conventional vascular anastomosis particularly challenging
[38]. Autologous tissue wrapping is often used for indirect
vascularization, but this requires a second surgery and re-
sults in significant trauma. While the muscle-attachment
vascular reconstruction model proposed by Delaere et al.
[39] successfully maintains the vitality of tracheal carti-
lage, ischemic necrosis of the tracheal epithelium still oc-
curs, suggesting that mature cartilage has lower metabolic
demands. In our study, the cartilage sheet exhibited good
vascular reconstruction. Inspired by Delaere et al. [39] ’s
work, we hypothesized that attachment of unilateral mus-
cle tissue would suffice to sustain the normal metabolism
of small cartilage pieces. Our results showed significant
vascularization around the cartilage patch. There was no
significant difference in inflammatory cell infiltration be-
tween the preserved blood supply goat (goat 2) and the re-
constructed blood supply goats (goats 1 and 3). However,
the preserved blood supply goat demonstrated better pro-
tection of cartilage tissue in the central region of the sheets,
with less granulation tissue proliferation compared to the
reconstructed blood supply goat. This approach simplified
the surgical procedure and avoided damage to the donor
site.

Postoperative inflammation cannot be completely
avoided. Histological analysis showed that in the recon-
structed blood supply goat, inflammatory cell infiltration
was concentrated in the central region of the cartilage sheet,
whichwas also the area ofmost cartilage resorption. In con-
trast, cartilage preservation was better at the anastomotic
site and in areas further from the airway lumen. We spec-
ulate that cartilage resorption in the central region of the
sheet may due to two factors: (1) The central region’s blood
supply took longer to reconstruct, as the peripheral region
received blood from both the anastomosis and overlying
muscle, while the central region only received blood from
the overlying muscle, resulting in relative ischemia; and (2)
epithelial reconstruction in the central region was slower.
Since we did not pre-implant epithelial tissue within the
stacked cartilage sheets, the central region was the last to
be protected by the airway epithelium, potentially leading
to local infection and inflammation. These factors likely
contributed to the persistent inflammatory response and car-
tilage resorption in the central region. Despite partial carti-
lage resorption, mechanical properties did not significantly
decrease, and all experimental goats showed stable airway
morphology, capable of withstanding external pressure.

We note that in Makris et al. [40] ’s study, similar in-
flammatory responses and tissue resorption were observed
early postoperatively. However, with extended postopera-
tive time, histological analysis revealed neogenesis of car-
tilage tissue. Given the lack of longer-term data, we cannot
yet determine the outcome of using stacked cartilage sheets
for tracheal defect repair.
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The traditional view holds that chondrocytes are en-
capsulated within the cartilage matrix and are nourished
through the diffusion of nutrients from extra-cartilaginous
capillaries. The dense collagen matrix can prevent antigens
from being recognized by the recipient’s immune cells or
entering the recipient’s lymphoid tissues, thus endowing a
certain degree of immune privilege [41,42]. Previous cases
of allogeneic tracheal transplantation have indicated that af-
ter discontinuing immunosuppression, the mechanical sup-
port strength provided by the graft remains unchanged [36].
A similar phenomenon has also been observed in animal
experiments [43,44], which confirms the protection of tra-
cheal cartilage from immune recognition and destruction.
Of course, as an organ with a complex organizational struc-
ture, the trachea requires in-depth research on the host im-
mune response during its transplantation and reconstruction
process. This is an important future research direction and
also one of the focuses of our future work.

Our approach has some limitations. First, the number
of chondrocytes required is relatively large, and for larger
reconstructions, more cartilage tissue may need to be har-
vested, or an alternative source of chondrocytes may be
necessary [45]. Autologous stem cell recruitment is also a
promising direction [46]. Second, the overall construction
cycle for our approach is longer, and experimental costs are
higher. Additionally, our in vitro cartilage sheets method
involves planar culture, which may lead to differences in
energy access, cytokine concentration, and metabolic waste
accumulation between the surface and bottom layers of
chondrocytes as the sheets become thicker [47]. Although
the use of an internal airway scaffold could raise concerns
about scaffold-related complications [48], our T-tube de-
sign did not cause such issues. Future work should explore
alternative scaffold designs, such as pure lumen scaffolds
with specialized surface coatings or fully absorbable scaf-
folds, to further minimize graft-related injury [49]. Finally,
the small sample size in this study, due to differences in an-
imal management, surgical support, postoperative care, and
funding, limits the ability to conduct large-scale, long-term
experiments, making it difficult to effectively eliminate the
interference of random factors like individual variations and
surgical operation discrepancies on the results. Admittedly,
the small sample size does impose certain limitations on the
generalizability of the findings. However, our study was
designed as a small-scale proof-of-concept; the key signifi-
cance of this research lies in “first verifying the feasibility of
using scaffold-free cartilage sheets to repair tracheal defects
in large animals”, thus laying a methodological foundation
for subsequent large-scale studies. We believe that the lim-
itations can be gradually overcome by increasing the sam-
ple size and optimizing the experimental design in future
work. Furthermore, we euthanized the goats at 6 months
post-surgery to obtain tracheal specimens, limiting our abil-
ity to track early and long-term postoperative healing. We
will expand the sample size and use this technique to repair

circumferential tracheal defects in goat models in further
work.

Conclusions
We have proposed a novel approach for repairing

tracheal window defects in large animal models using
scaffold-free cartilage sheets created with cell sheet tech-
nology. The use of stacked cartilage sheets successfully
restored airway integrity and stability, allowing for long-
term survival of the animals without fatal complications.
Airway stability was effectively reconstructed in all three
experimental goats, with goat 3 showing the best main-
tenance of airway morphology and the highest degree of
re-epithelialization. This study represents the first attempt
to apply a scaffold-free tissue engineering approach to tra-
cheal repair, establishing a theoretical foundation for us-
ing cell sheet technology in long-segment tracheal resection
and reconstruction. Our findings offer potential for con-
verting non-resectable tracheal lesions into resectable ones,
simplifying complex surgeries, and holding promising clin-
ical applications in tracheal surgery.
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