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Abstract: Objectives: Tracheal cartilage has limited regenerative potential in adults, posing a significant challenge
for tracheal repair. Here, we observed marked neocartilage growth in a porcine model after transplanting it with a
three-dimensional (3D)-printed silicone tracheal graft. Methods: Virtual silicone tracheal grafts of 2 cm in length
were first generated using a 3D printer, and simulated a 3-month-old porcine trachea based on data from physical
stress tests. After a segmental resection, a graft underwent end-to-end anastomosis at both the proximal and distal
tracheal sections. Neotissue samples were later examined macroscopically, and their histologic properties were as-
sessed based on results from the following: protein expression using H&E staining, alcian blue and safranin O/fast
green staining for glycosaminoglycans (GAGs), and immunohistochemistry (IHC) assays for Sox9, type Il collagen,
aggrecan, and proliferating cell nuclear antigen (PCNA). Results: These primitive cartilages displayed chondrogen-
esis with an initial surplus of chondrocytes, evolving into a mature, stable state with cartilage corrosion facilitated
by interim perichondrium-derived chondro-modulators, like perichondrial papillae (PPs), preresorptive layers (PRLs),
and vascular canals (VCs). Results of alcian blue staining revealed the removal of matrix degradation products,
specifically in the vicinity of the mucosal and submucosal glands. Conclusions: Chondrogenesis underwent an initial
burst of growth together with the perichondrium, constituting a gradual consolidation process. Such a consolidation
was supported by the emission of matrix degradation products in the mucosa and submucosa. To summarize our
results, we propose a four-stage scheme to characterize the regenerative chondrogenesis of tracheal neocartilage.

Keywords: Primitive tracheal neocartilage, large-scale porcine, chondro-modulators, perichondrium, de novo carti-
lage growth

Introduction er sporadic successes, with no consensus on

the best material or method. Approaches in
In adults, the regenerative potential of tracheal transplantation include the following: allograft,
cartilage is very limited, making cartilage repair autograft, prosthetic, autologous tissue-engi-
highly challenging. Regarding tracheal trans- neered trachea, nano-composite of tracheal
plantation, experimental studies reported rath- biomaterial with stem cell seeding, and decel-
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lularized donor trachea [1-7]. While significant
progress has been made in understanding the
general mechanisms of tissue regeneration,
the specific nuances of tracheal regeneration
remain a subject of ongoing investigation.
Despite recent strides in understanding trache-
al regeneration, a research gap exists regard-
ing the precise stages of chondrogenesis and
modulating factors influencing the outcome.

One potential source for cartilage regeneration
is the perichondrium [8, 9]. Cartilage homeo-
stasis involves various growth factors and sig-
nal transductions, with the exact nature of this
complex process unclear [10]. In 2017, Gabner
et al. working on the nose and rib cartilages of
newborn piglets, discovered vascular canals
(VCs), revealing their relevance to this homeo-
stasis process [11]. In our previous study, we
reported the de novo generation of cartilage
within three-dimensional (3D)-printed grafts
related to the maturation of chondrocytes in
terms of their numbers [12]. These grafts driv-
en neocartilage contain chondro-modulators,
such as perichondrial papillae (PPs), preresorp-
tive layers (PRLs), and VCs. Although the
requirements for chondrogenesis are under-
stood, the process from initial budding to matu-
rity has been less explored. Regenerative medi-
cine in large animals offers superior conditions
for observing regenerative development com-
pared to embryonic studies. We have analyzed
the newly regenerated cartilage using 3D tra-
cheal grafts in an attempt to establish a mech-
anism for chondrogenesis.

Our study aims to bridge this research gap by
providing a detailed account of the sequential
stages of chondrogenesis during tracheal
regeneration. Advanced 3D printing technology
holds promise for customizing objects with a
shape compatible with a functional trachea for
clinical application [13, 14]. Additionally, large-
scale animal models can accurately reflect clin-
ical applications in humans, making preclinical
animal trials for tracheal transplantation criti-
cally important, despite the small sample
size and challenges in postoperative care and
monitoring [15]. The prevailing hypothesis on
tissue regeneration is that this 3D printing
approach, using an organism as an optimal bio-
reactor, promotes progenitor or stem cell hom-
ing, resulting in the de novo regeneration of
tracheal cartilage.
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Materials and methods
Participants

Male LY pigs (n=10) were acquired from a com-
mercial source, Pinguan Modern Livestock Co.,
Ltd., Taichung, Taiwan. Animals were ~three
months old, with body weights ranging from 25
to 40 kg. Our study was approved by the
Institutional Experimentation Committee of
Taichung Veterans General Hospital (Animal
Welfare Protocol Number La-1101785, app-
roved May 11, 2021). A total of 10 pigs were
initially included in the study, but seven were
later excluded due to following reasons: unde-
tected cartilage regeneration (one animal),
wound infections (two animals), and unexpect-
ed deaths (four animals). Finally, a total of three
remaining animals were examined, producing
16 tissue specimens. In addition, two native
tracheal tissue specimens were obtained each
from three- and six-month-old pigs for compari-
son of chondrogenesis study (Figure 1).

Graft design and preparation

We employed simulated tracheal implants con-
structed from silicone material. Silicone im-
plants are widely used in tracheal stents due to
their non-toxicity, inertness within the body,
and ease of surgical anastomosis. These
implants ensure an air-tight fit while maintain-
ing good elasticity, enabling the graft to provide
structural support and prevent tracheal col-
lapse after transplantation.

Using SolidWorks software, we specifically
designed and manufactured silicone tracheal
grafts for large porcine tracheal transplanta-
tion. The SO50 silicone 3D printer (San Draw
Inc., USA) was used to fabricate the grafts, with
dimensions of 20 mm in length, 20 mm in
diameter, thickness of 1.5 mm and 90% infill.
Medical-grade silicone (SIL28, San Draw Inc.,
USA) was used, with the material extruded and
cured layer by layer at a thickness of 2.0 mm
per layer to form the tracheal graft. The entire
fabrication process required 3-4 hours to
complete [15]. The graft resilience was deter-
mined using the JSV-H1000 instrument (Japan
Instrumentation System Co., Nara, Japan), con-
firming that these grafts exhibited physical
stress properties similar to the native trachea
of a three-month-old pig. Before transplanta-
tion, these grafts were surface-polished before
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( Insights chondrogenesis in
primitive tracheal neocartilage

| 3D-Printed Silicone Grafts implantation

Male LY porcine (n=10. ~3-month-old, 25-40kg)

emulated the human virtual
operation. Cross-table ventila-
tion was applied during the
creation of the anastomosis
at the proximal end. The same

Exclusion (n=7)
o Undetected cartilage regeneration (n=1)

e Wound infections and/or tissue necrosis (n=2)

® Unexpected deaths at night, no autopsy (n=4)

Inclusion (n=3)
® Detected cartilage regeneration (n=3)

procedure of anastomosis
was applied to both the proxi-
mal and distal sections. The
proximal trachea was con-

2 native trachea (3- and

6-month-old as control)

for H&E THC etc. analysis

16 tissue specimens in total

for H&E, THC etc. analysis

nected with the graft using a
3-0 prolene posterior end run-
ning suture and a 4-0 prolene

\ GAGs—, Perichondrium*.

/ Proposed 4-stage of chondrogenesis

e Stage I- Outnumber chondrocyte, Vague lacuna,

Sox91, Aggrecan?, PCNAT, Type II collagent, GAGs —

e Stage II- Outnumber chondrocyte, Obvious lacuna,

Sox9|, Aggrecan|, PCNA |, Type II collagen—, GAGs?

o Stage III- Sox9|, Aggrecan—, PCNA |, Type II collagen—,
GAGs?, Perichondrium*, Chondro-modulators* (PPs, PRLs & VCs)
o Stage IV- Sox9—, Aggrecan|, PCNA|, Type II collagen—,

\ anterior end interrupt suture.
After completing the lower
posterior half of the distal
trachea with graft anastomo-
sis using a 3-0 prolene con-
tinuous running suture, the
endotracheal tube was re-
advanced through the tra-
/ cheal graft into the distal tra-

chea. The anterior half of the

1: increase expression; —: rarely expression; |: decrease expression; —: expression remain consistant;

* represented exist.

Figure 1. Schema of chondrogenesis in primitive tracheal neocartilage.

sterilized in an autoclave. Aseptic 3D-printed
grafts in their best condition were selected as
implants.

Surgical intervention

Each pig underwent general anesthesia. The
induction was by Zoletil 50 (8 mg/kg, IM,
Virbac, Carros, France), followed by intubation
using an endotracheal tube of 7.0 mm in diam-
eter. Anesthesia level was maintained using 4%
isoflurane. The experimental animal was placed
in a supine position, with neck skin shaved and
sterilized with povidone iodine and 75% alco-
hol. The skin area was then draped within a dis-
posable sterile towel. A cervical six cm midline
incision was made, and the wound deepened
with underlying strap muscles separated to
expose the upper trachea. After mobilization of
the trachea, a two cm long tracheal segment
just below the larynx was marked, surgically
removed, and then replaced by a 3D-printed
tracheal graft (Figure S1). The procedure
involved a segmental resection on a two cm cir-
cumferential tracheal segment, followed by an
end-to-end anastomosis with the proximal and
distal parts of the trachea using non-absorb-
able sutures (Video S1, Procedures of surgical
intervention of Silicone tracheal graft). This
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distal trachea was then anas-
tomosed using a 4-0 prolene
interrupted suture placed ab-
ove the endotracheal tube.
Lastly, a tracheal bilateral
traction suture was applied at both the proxi-
mal and distal ends, tying together each side to
relieve tension over the anastomosis. An air-
tight seal was finally confirmed before closing
the strap muscles. A silicone Penrose drain was
placed, and the wound closed in layers. Animals
were extubated immediately in the operating
room after the end of anesthesia. These ani-
mals all recovered without complications,
resuming normal activities and oral food intake
within 12 hours.

Postoperative care

Postoperative medications included pain reliev-
er (diclofenac potassium, 25 mg), antibiotics
(@mpicillin, 500 mg), and mucolytic solution
(bromhexine hydrochloride, 2 mg/ml) (Table
S1). They were administered by mixing with
food. All animals were managed and cared for
by the veterinary team. Feeding procedures
were in compliance with both national and
international guidelines.

Tissue analyzed with H&E and specific stains

Following an animal’s death, an autopsy was
performed to harvest graft-related tissues.
Tissue samples, fixed in 10% formalin before
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embedded in paraffin, were examined grossly.
Histological staining for glycosaminoglycans
(GAGs) included H&E, alcian blue (ScyTek,
ANC250), and safranin O/fast green (Cat.
#8348a/Cat. #8348b). The staining process
has been detailed in Shai et al., 2021 [16].
Photomicrographs were taken with the NDP.
view 2.6.8 software. Chondrocyte numbers
were determined from H&E-stained sections
using Image) 2 software, and neocartilage
matrix contents (glycosaminoglycans, GAGS)
were assessed from sections stained with
alcian blue and safranin O/fast green. Total
pixel areas within sections of H&E-stained car-
tilage were quantified according to distinct
lacunar morphological features. Results were
compared between neocartilage and native tra-
cheal cartilage (as from experimental subjects
and a 6-month-old mature porcine with station-
ary tracheal cartilage, Stage V).

Chondrogenesis detected by Immunohisto-
chemistry (IHC)

Sections were successfully stained with chon-
drocyte markers, including Sox9 (Biorbyt,
orb4387), type Il collagen (Abcam, ab34712),
and aggrecan (Biorbyt, orb10066). Proliferating
cells were detected using the proliferating cell
nuclear antigen (PCNA, Abcam, ab29) assay.
Angiogenesis in neocartilage was assessed
with CD31 (Abcam, ab28364), a blood vessel
marker, and quantified using the UltraVision
LP Detection System HRP Polymer & DAB
Plus Chromogen (Thermo, TL-060-HD, Thermo
Fisher Scientific Inc., Waltham, MA USA).
Photomicrographs were captured using the
software NDP.view 2.6.8. Using Image J soft-
ware, summed pixel areas were calculated in
cartilage sections containing positively IHC
stained chondrocytes (against Sox9, aggrecan,
and PCNA) [16].

Statistical analyses

Images taken from each slide were randomly
reviewed and analyzed by an individual with no
prior knowledge of the study. Data were pre-
sented as mean + SD and compared statisti-
cally using the Kruskal Wallis/ANOVA test.
Numbers of chondrocytes in the cartilage
across different tissues were compared using
the Dunn-Bonferroni test/Bonferroni test.
Statistical significance was set at P < 0.05.
Using Image J software, we calculated the num-

859

ber of chondrocytes in H&E-stained sections
and the number of chondrocytes expressing
various proteins (Sox9, aggrecan, and PCNA)
for each stage (n=4 for each group).

Results

Neotissue outside of tracheal graft with carti-
lage, muscle, adipose tissue, and glands

We observed vivid neo-tissue growth, encom-
passing cartilage, muscle, adipose tissue, and
glands, in areas outside the 3D-printed trache-
al graft (Figure S2). Notably, the integral carti-
lage regenerated markedly and ectopically
early within ~5 days. The chondrogenesis
observed in the regenerated tracheal cartilage
of large-scale porcine mirrors the process of
embryo development. During this stage of
regeneration, chondrogenesis occurs in the
patterns of apposition and intussusception.
The fundamental process of neocartilage
growth appears either as an elongation fol-
lowed by concomitant expansion, or eventually
fuses at both ends, forming a single structure
(Figure S3A-D). For control study, through
the native trachea of the 3-month-old pig, we
also observed a horizontal elliptical shape of
the tracheal lumen (Figure S4A, S4C), which
was noted with a nearly vertical elliptical shape
by 6 months (Eigure S4B, S4D). It is worth point-
ing out that tracheal cartilage, distinct from
articular cartilage, relies on the presence of the
perichondrium for maturation. The perichondri-
um provides essential nutrients, enabling met-
abolic processes within the inner core of the
cartilage. Following transplantation, the initial
area of neocartilage lacks the perichondrial
coverage. The perichondrium gradually devel-
ops along the edge of the growing cartilage
(Figure S3E-H). We classified the transitional
stages of developing consolidated cartilage
into 4 distinct stages based on the observed

histologic patterns (Figure S3I-P).

Dynamic progression of chondrocyte activity
and perichondrium formation in neocartilage
development

Cartilage development in neotissue: H&E and
special stains: In the early stages of cartilage
development, neotissue undergoes transitional
phases marked by a burst of growth and the
formation of numerous unorganized chondro-
cytes, which create ectopic cartilage islands or

Am J Transl Res 2025;17(2):856-867



3D-printed silicone grafts in animal model

Stagell Stagelll

»

H&E

Alcian blue

=
D
12
b

B0
N
7]
<

[
S
o

= ¢
o=
=
<
|

R
»n

M
Stage I (n=4) Stage II (n=4) Stage III (n=4) Stage IV (n=4)
Structures p value
mean +SD mean +SD mean +SD mean +SD
Chondrocytes 173.25 +14.31 115.50 +7.55 53.75 +5.32 51.00 +1.41 0.001**
Perichondrium No No Yes Yes
VCs, PPs & PRLs (interim) No No Yes No
Protein expression
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Safranin O/ fast green + ++ i raa—

Figure 2. Proposed stages of chondrogenesis within the graft neo-tissue as seen through H&E, alcian blue, and
safranin O/fast green stains: A, D, G, J. The histology of different stages of cartilage during chondrogenesis as inves-
tigated with H&E staining. Red circles mark an isogenous group of chondrocytes; red arrows mark a territorial matrix
of chondrocytes. B, E, H, K. The histology and GAG content of the different stages of cartilage during chondrogenesis
as investigated with the alcian blue staining. GAGs of the cartilage matrix were detected by alcian blue and marked
in blue color. C, F, |, L. The histology and GAG content of the different stages of cartilage during chondrogenesis as
investigated with safranin O/fast green staining. GAGs of cartilage matrix were detected with safranin O/fast green,
as marked in red color. Red “P”: the perichondrium. Black arrows mark the modulator structure of the perichondral
papillae (PP). Images were at 200x magnification. M. Quantitative analysis of chondrocyte numbers and structural
features across different stages. Statistical significance is denoted by P < 0.05. “No” indicates absence, and “Yes”
indicates presence. Staining intensity is represented for Alcian blue and Safranin O/fast green using a relative
scale: + indicates weak staining; ++ indicates moderate staining; +++ indicates strong staining; ++++ indicates
very strong staining.

templates. These early cartilages lack defined (Figure 2D). Positive GAG staining highlights
lacuna, and the extracellular matrix remains the gradual accumulation of the extracellular
underdeveloped (Figure 2A), as indicated by matrix (Figure 2E, 2F). By stage lll, distinct
minimal GAG staining (Figure 2B, 2C). As devel- chondrocyte groups (isogenous groups) are
opment progresses, the morphology of chon- identifiable within a loosely arranged regional
drocytes evolves, with clear lacunae forming matrix (territorial matrix) (Figure 2G). Neo-
and a reduction in chondrocyte numbers cartilage at this stage exhibits higher levels of
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GAG compared to earlier stages, along with the
presence of chondro-modulators such as PP,
PRL, and VC (Figure 2H, 2I). These regulatory
structures, originating from the perichondrium,
play a key role in cartilage development by
modulating chondrocyte activity and numbers.
In Stage IV, consistent levels of GAG are
observed in the six-month-old native trachea,
reflecting the mature state of cartilage (Figure
2J-L).

Chondrocyte protein expression during carti-
lage maturation: [HC assay: IHC staining
revealed prominent expressions of key carti-
lage markers, including Sox9, aggrecan, type Il
collagen, and PCNA protein, in the early stages
of neotissue development. A substantial num-
ber of chondrocytes strongly expressed these
proteins in both the central and peripheral
regions of the cartilage, highlighting active
chondrogenic activity. At this stage, however,
the perichondrium, a critical structural compo-
nent for cartilage development, was absent
from the edges of the growing cartilage (Figure
3A-D). As cartilage development progressed,
the protein expressions profiles of chondro-
cytes began to diminish, particularly at the
boundary regions of neocartilage. Although
markers such as Sox9, aggrecan, and type Il
collagen remained positively stained in the cen-
tral areas (Figure 3E-H). At this point, the peri-
chondrium began to sprout along the edges of
the growing cartilage, signaling the onset of its
structural role in cartilage maturation. Over
time, the overall expression levels of Sox9,
aggrecan, and PCNA within the central carti-
lage regions continued to decline, reflecting
reduced chondrocyte activity and proliferation.
Nevertheless, protein residues and prolifera-
tive cells were still detectable within VCs, indi-
cating their role in nutrient delivery and waste
removal to support cartilage metabolism and
development (Figure 3I-L). Ultimately, the pro-
cess reached a stationary maturation phase.
This stage was characterized by stabilized
cartilage development, where the tissue exhib-
ited features consistent with six-month-old
native trachea (Figure 3M-P). Underscoring the
dynamic nature of chondrogenesis and the crit-
ical roles of structural components like the peri-
chondrium and VCs throughout the process
(Figure 2M), significant differences were evi-
dent between the various stages of develop-
ment (Figure 3Q).
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Interim PPs, PRLs, and VCs derived from peri-
chondrium as chondro-modulators of cartilage
maturation for pruning outnumbered chon-
drocytes in conjunction with degraded matrix
emitted into VC, submucosa, and mucosa

The perichondrium, housing chondro-progeni-
tor cells and chondroblasts, plays a crucial role
in boosting chondrogenesis and elaborating
interim chondro-modulators PP, PRL, and VC
[12]. These modulators emerged from the peri-
chondrium and migrated to the center of the
cartilage for chondrolysis (Figure S3B-D). PPs,
PRLs, and VCs derived from the perichondrium
played a significant role in cartilage consolida-
tion (Figures 4 and S5). Neocartilage with
numerous chondrocytes was auto-digested by
corona-like VCs originating from the perichon-
drium. These VCs were involved in cartilage
inclusion and corrosion (Figure 5). GAG debris
from metabolism appeared in the adjacent
mucosa and submucosa areas. Notably, the
process of cartilage corrosion did not involve
drainage through blood vessels but occurred
via tissue diffusion into the glands of the muco-
sa and submucosa (Figure 4C, 4E). This was in
contrast to the native vessels in these two
areas where no such traces were found (Figure
4D, 4F). These findings suggested that the
removal of matrix degradation during cartilage
corrosion had occurred through tissue diffu-
sion rather than through vascular drainage.

Proposed four-stage development of chondro-
genesis in tracheal cartilage during regenera-
tion

We proposed a tentative four-stage process to
explain the evolving behavior of neocartilage
based on the following criteria: (1) changes in
the number and morphology of chondrocytes,
along with variations in histologic patterns by
H&E, alcian blue, and safranin O, as well as IHC
results indicating expressions of distinct chon-
drocyte markers; (2) the involvement of chon-
dro-modulators, including PP, PRL, and VC; and
(3) the formation of the perichondrium. Our
findings showed that the number of chon-
drocytes (mean = SD) was significantly higher
in stage | than in other stages: stage |
(173.25+14.31), stage 1l (115.50+7.55), stage
I (53.75+5.32), and stage IV (51.00+£1.41)
(6-month-old native trachea) (Figure 6A). In the
3-month-old porcine model, more chondro-
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Aggrecan

Type II collagen

Stage I (n=4) Stage II (n=4) Stage III (n=4) Stage IV (n=4)
Protein expression p value
mean +SD mean +SD mean +SD mean +SD
Sox9 (%) 97.06 +0.59 66.40 +5.33 10.34 +2.38 16.15 +0.82 0.001**
Aggrecan (%) 97.19 +1.66 69.04 +7.85 65.02 +7.75 57.36 +7.72 0.018*
PCNA (%) 85.60 +7.49 45.71 +9.77 20.22 +7.10 13.73 +3.36 0.002**
Type II collagen +++ +++ +++ Fttt

Figure 3. Proposed stages of chondrogenesis within the graft neo-tissue using IHC (type Il collagen, Sox9, aggrecan
and PCNA antibodies) staining: Histology of the different stages of chondrogenesis was detected in IHC, using Sox9
(A, E, I, M), aggrecan (B, F, J, N), type Il collagen (C, G, K, O), and PCNA (D, H, L, P) antibodies. Protein expressions
of all markers were detected in brown reaction products. Red “P”: the perichondrium. Red arrows: the modulator
structure of the perichondrial papillae (PP) in (I-K) or vascular canal (VC) in (L). Images were at 200x maghnification.
(Q) Quantitative analysis of protein expression levels and staining intensity across different stages of cartilage de-
velopment. The data include the mean + SD of protein expression for Sox9, Aggrecan, Type Il Collagen, and PCNA,
along with statistical comparisons (p values). Statistical significance is denoted by P < 0.05. Staining intensity is
represented for type Il collagen using a relative scale: + indicates weak staining; ++ indicates moderate staining;
+++ indicates strong staining; ++++ indicates very strong staining.

cytes were present, but with smaller cell sizes 0.05) (Eigure S3E). In terms of Sox9 expres-
compared with the 6-month-old native trachea sion, we found a declining trend with advancing
(Figure S3C). The number of chondrocytes in stages (mean + SD of stage I: 97.06+0.59,
the 3-month-old native trachea (N=8 in each stage II: 66.4045.33, stage lll: 10.34+2.38,
group) was also significantly higher than in the and stage IV: 16.15+0.82) (Figure 6B). In-
6-month-old porcine (98.4+3.7 > 52.1+1.6; P < terestingly, regarding the protein aggrecan, its
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Alcian blue

i
=)

Figure 4. The matrix degradation product of cartilage was detected by alcian blue stain (A, C, E) and vessels were
identified by reaction to CD31 antibody (B, D, F): Degradation product was detected in VCs (A) containing capillary
vessels (B). The degradation matrix was identified within the stroma of the mucosa (C, D) and submucosal glands
(E, F) of the trachea. (A-D): at 200x maghnification; (E and F): at 200x magnification.

Figure 5. Characteristics of various staining of VCs in neocartilage, as detected by H&E, Sox9, aggrecan, type Il col-
lagen, safranin O/fast green and alcian blue: A. Histology showing results with H&E stain. B-D. Protein expressions
as detected by Sox9, aggrecan, and type Il collagen antibodies. E, F. GAG contents as shown with safranin O/fast
green and alcian blue stain. Images are at 200x magnification.

chondrocyte expression was significantly high-
er in stage | than in other stages (Il to V, all with
similar expressions) (mean + SD of stage I:
97.19+1.66, stage ll: 69.04+7.85, stage Il
65.0217.75, and stage IV: 57.3617.72) (Figure
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6C). Regarding proliferating cells (PCNA), we
found more proliferating cells in the early stag-
es with a gradual decline in the later stages
(mean + SD of stage I: 85.60+7.49, stage II:
45.7149.77, stage lll: 20.22+7.10, and stage
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larly in cartilage. This growth
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Figure 6. The data are shown as mean * SD and significant difference be-
tween the various stages (P < 0.05). Statistical analyses of the proposed
stages of chondrogenesis within encasement of the graft neo-tissue based
on H&E and IHC (Sox9, aggrecan, and PCNA antibodies) staining: (A) Chon-
drocyte numbers quantified for different stages of chondrogenesis of graft
neo-tissue using the H&E stain (n=4 views at 400x magnification for each
group). (B-D) Ratios of protein expression (Sox9, aggrecan and PCNA) quanti-
fied for different stages of chondrogenesis of graft neo-tissue based on IHC
staining (n=4 views at 200x magnification for each group). Data are shown
mean + SD values, and significant differences across various stages were

setat P < 0.05.

IV: 13.73+£3.36) (Figure 6D). In brief, the high-
est number of chondrocytes and Sox9-, aggre-
can-, and PCNA-positive cells appeared in stage
I, when both the perichondrium and interim
chondro-modulators (VC, PP, and PRL) were not
present. Similar features were seen in stage |l,
which had a slightly reduced context but still
lacked the perichondrium and modulators.
Stage Il showed little changes in chondrocyte
number, Sox9-, aggrecan-, and PCNA-positive
cells expressions compared with stage lll, but
was characterized by the presence of perichon-
drium and modulator structures. In stage 1V,
homeostasis in chondrogenesis was achieved
with the presence of chondro-modulators (PP,
PRL, and VC), in a condition similar to the six-
month-old native trachea (Figure S4E).

Discussion

In this study, we uncovered a distinctive pattern
of neotissue growth around the grafts, particu-
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mStage I in the three-month-old large-

:::5:? scale porcine model [15], typi-

Ny cally occurring within approxi-

mately five days post-implan-

tation (Figure S2). Using the

proposed four-stage develop-

mental framework, we sys-

tematically clarified the com-

plex process of chondrogene-

sis during tracheal regenera-

BStage [ tion. This framework, support-

uStage IT ed by histologic staining tech-

" Stage I11 niques such as H&E, alcian
W Stage IV

blue, and safranin O, provided
critical insight into the evolv-
ing behavior of neocartilage
(Figure 2). Furthermore, IHC
analysis revealed the expres-
sion of distinct chondrocyte
markers (Figure 3). During
the early phases, transitional
chondrogenesis in neotissues
was marked by a surge in
growth, with numerous chon-
drocytes forming cartilage
islands, paving the way for
subsequent neocartilage de-
velopment.

Following tracheal graft implantation, we
observed two distinct cartilage growth pat-
terns: (1) spear-like extensions of chondro-
blasts in certain areas, indicative of initial carti-
lage formation, and (2) the fusion of cartilage
templates, signifying cartilage development
progressing toward Stage llI-IV. This variability
highlights the complexity of cartilage regenera-
tion within the neotissue [12, 17]. Recent
reports have detailed the de novo generation of
cartilage within grafts [18], corroborating our
findings. Neocartilage development coincided
with elevated levels of GAG and the appear-
ance of chondro-modulators (PP, PRL, and VC),
all originating from the perichondrium. The peri-
chondrium, housing chondro-progenitor cells,
plays a crucial role in boosting chondrogenesis
[12, 19]. These chondro-modulators migrated
to the cartilage center, influencing chondrolysis
and consolidating cartilage by initiating the
auto-digestion of neocartilage via corona-like
VCs. Matrix degradation products from carti-
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lage corrosion were detected in adjacent mu-
cosa and submucosa areas (Figure 3), high-
lighting tissue diffusion rather than vascular
drainage as the primary mechanism for matrix
removal.

Chondrogenesis, angiogenesis, and adipogen-
esis were facilitated by the migration of mesen-
chymal stem cells (MSCs) to the graft site,
enabling tissue regeneration [20]. Endogenous
TGF-B, primarily producing by chondrocytes,
stimulated chondrogenesis from MSCs sourced
from peripheral blood and adipose tissue [21].
This process, akin to neurogenesis in the brain,
involved periods of growth and consolidation
regulated by neurotransmitters and neuro-
modulators. Tissue inflammation post-trans-
plantation played a vital role, activating fibro-
blasts and regulating stem cells, which in turn
drove chondrocyte differentiation and prolifera-
tion. As chondrogenesis progressed, chondro-
cytes formed discernible lacuna at the neocar-
tilage periphery, while the perichondrium
remained obscure. This was accompanied by
strong GAG staining and increased protein
expression in the cartilage’s central region,
reflecting the gradual accumulation of extracel-
lular matrices. Specific stainings with safranin
O and alcian blue delineated different stages of
neocartilage formation, while VCs exhibited no
safranin O staining, weaker alcian blue expres-
sion, and prominent type Il collagen staining,
indicating their role in cartilage degradation
and maturation (Figure 5).

The perichondrium, acting as a reservoir of pro-
genitor cells, differentiated into chondrocytes,
enabling new extracellular matrix deposition
and local colonization [22]. It also released
cytokines supporting chondrogenesis. Key mol-
ecules such as BMP-2 [10, 23-26], Sox9 [27-
29], and TGF-B1 [10, 30] were instrumental in
regulating cartilage growth and maturation by
interactions with perichondrium progenitor
cells during tracheal cartilage regeneration
[31].

Chondro-modulators, VCs, PPs, and PRLs, criti-
cal to cartilage development, were discovered
during de novo cartilage regeneration after
3D-printed tracheal grafting [12]. These modu-
lators facilitated nutrient delivery and matrix
degradation removal, which were vital for neo-
cartilage metabolism. Vigorous angiogenesis in
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the perichondrium of neocartilage, highlighted
by CD31 enhancement, was more pronounced
following tracheal transplantation compared to
native tracheal cartilage [12]. PRLs and intra-
vascular matrix degradation products indicated
active cartilage corrosion, essential for meta-
bolic and structural adaptation during regener-
ation [11].

Due to the absence of vasculature in tracheal
cartilage, nutrient supply and waste removal
often become compromised. VCs, PPs, and
PRLs derived from the perichondrium, which
contain vasculature, fulfilled these roles effec-
tively [17], as evidenced by degradation prod-
ucts in mucosal and submucosal areas (Figure
4). Despite chondrogenesis, these degradation
products indicated active cartilage corrosion,
supporting tissue maturation. Coronary VCs
facilitated this process by regulating autodiges-
tion, evidenced by GAG debris in nearby blood
vessels of the mucosa and submucosa.

The neocartilage exhibited varying staining pat-
terns across different regions, leading to the
proposal of a novel four-stage process to
account for chondrogenesis in tracheal carti-
lage regeneration. Quantification of chondro-
cytes and positive cells expressing Sox9, aggre-
can, and PCNA across these stages revealed
significantly higher proliferative capacity during
the initial stage than in later stages (Figure 6).
Observations on changes in chondrocyte mor-
phology and matrix contents provided a com-
prehensive understanding of cartilage evolu-
tion following graft implantation into the native
trachea.

Limitations: Despite providing valuable insight
into tracheal cartilage regeneration, results of
our study are not suitable for immediate clinical
translation. Further studies are needed for
practical applications. The complex temporal
dynamics of chondrogenesis, as outlined in our
proposed four-stage framework, requires stud-
ies on individual or experimental variability.

In conclusion, 3D-printed tracheal grafts have
enabled the de novo growth of cartilage with
stent-sparing anastomoses. Our study provided
a detailed exploration of chondrogenesis dur-
ing tracheal regeneration. Results enhanced
our understanding of the regenerative behavior
as proposed by a four-stage chondrogenesis of
tracheal neocartilage.
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Figure S1. Procedures for surgical intervention for tracheal graft transplantation in a porcine model: A. Marking a
two-cm long native trachea for resection. B, C. Removing the tracheal segment. C. Anastomosis at the proximal end
of the trachea with graft. D, E. Completing the graft reconstruction. F. Graft reconstruction successfully completed.

Video S1. Procedures of surgical intervention of Silicone tracheal graft.



3D-printed silicone grafts in animal model

Table S1. Postoperative pharmacological management regimens for porcines undergoing tracheal
graft transplantation

- S Pharmacological . . Administration
Drug administration time Dosing regimens
agents procedures
4 hours post-operation CEFAZOLIN SODIUM 2 g/Inj Intramuscular
(about 1.5 ml/pig)
4 hours post-operation DEXAMETHASONE 5 mg/Inj Intramuscular

(about 0.5 ml/pig)

Note: After surgery, each pig received an intramuscular injection of one dose of antibiotics and steroids during the recovery
period. The recovery room temperature was maintained at a suitable 25°C, with a heat lamp provided to prevent a drop in the
pig’'s body temperature. In cases of vomiting, any obstructions in the airway were cleared to ensure unobstructed breathing.

Postoperative medication was administered Voren-K 25 mg/capsule Oral
continuously for 3 days

Postoperative medication was administered Prednisolone 5 mg/capsule Oral
continuously for 7 days

Postoperative medication was administered Diflucan 50 mg/capsule Oral
continuously for 7 days

Postoperative medication was continuously Curam 1000 mg/capsule Oral
administered until the animals were sacrificed

Postoperative medication was continuously Bisolvon solution 20 mg/10 ml Oral
administered until the animals were sacrificed

Administered when the animal’s wound ENROTRIL CEFTIOFUR 0.5 ml/10 kg Intramuscular
infection was more severe mixture 30-50 mg/10 kg  (about 1.5-2 ml/pig)

Note: During the postoperative observation period, the above-mentioned medications were administered once daily, either
orally or via intramuscular injection. Additionally, cameras were installed in the animal housing room for 24-hour monitoring of
the pigs’ condition. The pigs’ breathing, appetite, physical strength, and overall health status were observed at least twice a
day.

. e

Adipose tissue ' Muscle Submucosal glands

Cartilage

Figure S2. Vivid neo-tissue growth with cartilage, muscle, adipose and glands in areas outside the 3D-printed tra-
cheal grafts after being transplanted into a three-month-old large-scale porcine model. Lower panel images magni-
fied at 200x.
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Figure S3. Neocartilage growth evolution in the form of either spear-like elongation or fusion at both ends of two
neocartilages, showing chondro-modulators PP, PRL and VC within the neocartilages derived from perichondrium
and porcine native trachea (A-H), as well as various stainings in three-month-old porcine native trachea and tracheal
neocartilage (I-P): (A, B) Showing in the light area with H&E staining, the specific phenomenon of taper extension
as discrete chondroblast infiltration through the blurred matrix (black dot arrow). (C, D) Neocartilage undergoing
fusion during chondrogenesis under VC modulation: note its extension from regions of high-density chondrocytes
in the perichondrium displaying clear lacuna within the dark area. The black “F” designates the fusion site of the
neocartilage. (E, F) Showing presence of chondro-modulators PPs, PRLs and VCs within the neocartilage as derived
from perichondrium. Black arrows: VCs; red arrows: PPs; and red “P”: perichondrium. (G) Showing a three-month-old
porcine native trachea. (H) Showing a six-month-old porcine native trachea. Showing strong stainings to H&E, alcian
blue and collagen I, and weak staining to safranin O in cartilage templates of native trachea. Black arrow: cartilage
template. (M-P) Showing strong stainings to H&E, alcian blue and collagen Il, and weak staining to safranin O in tra-
cheal neocartilage. Black star: neocartilage. (A, C, E and F): at 200x magnification. (B, D, G-P): at 50x magnification.
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3-month-old 6-month-old

@ 3-month-old pig frachea
“ 6-month-old pig frachea

Figure S4. The shape of the tracheal lumen and chondrocyte morphology in the three- or six-month-old native por-
cine trachea: (A, C) three-month-old native porcine trachea. (B, D) Showing a six-month-old native porcine trachea.
(E) Showing chondrocyte counts of three- and six-month-old native porcine tracheae (n=8 views of each group at
400x magnification, P < 0.05). Total views of histology in (A and B). (C and D) at 400x magnification.
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Figure S5. Capillaries in PPs and perichondrium were detected by reaction to CD31 antibody: (A, B) Capillary ves-
sels in PPs. (C, D) Fewer capillary vessels identified within native three-month-old porcine trachea. (E, F) Abundant
capillary vessels detected within tracheal neocartilage. (A, C and E) at 200x magnification; (B, D and F) at 400x%
magnification.



