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Abstract: The repair of long-segment tracheal defects remains a significant clinical challenge, to which, optimal bio-
logically functioning tracheal alternatives may serve as a solution. Tissue-engineered trachea, regenerated from a 
decellularized trachea matrix using the laser micropore technique (LDTM), demonstrates the possibility of develop-
ing optimal tracheal substitutes, which retain the original tubular shape and adequate cartilage regeneration ability 
of trachea. However, the strict requirement with respect to the implantation cell density restricts the clinical transla-
tion of the LDTM, which has a low cell adherence rate. To overcome this problem, we propose a novel strategy involv-
ing collagen to modify the LDTM surface in order to enhance cell retention efficiency and promote homogeneous 
tracheal cartilage regeneration. The current results show that the modified LDTM significantly improves cell-seeding 
efficiency; moreover, it achieved stable cell retention and homogenous cell distribution. Additionally, at a relatively 
low implantation cell density (5.0 × 107 cells/mL, which is one-fourth of the cell-seeding density used in our previous 
study), homogeneous tubular cartilage was regenerated successfully both in vitro and in vivo. The cartilage had an 
exact tracheal shape, sufficient mechanical strength, typical lacuna structure, and cartilage-specific extracellular 
matrix deposition. Most importantly, the modified LDTM promoted chondrogenesis of the bone marrow-derived stem 
cells and the formation of homogeneous neocartilage in vivo. The current study has established a versatile and ef-
ficient cell-seeding strategy for the regeneration of multiple tissues. It also describes a technique for developing an 
optimal tracheal alternative for the repair and functional reconstruction of long-segment tracheal defects.
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Introduction

Globally, the repair of long-segment tracheal 
defects remains a problem because of the 
scarcity of ideal substitutes [1, 2]. Among the 
potential replacements, a tissue-engineered 
trachea is considered to be the best candidate 
due to its favorable biocompatibility, low immu-
nogenicity, high plasticity, and good biological 
activity [3-5]. Several artificially synthesized 
scaffolds, such as polylactic acid [6], polygly-
colic acid [7], and polycaprolactone [8], are 
known to effectively repair the cartilage. How- 
ever, their unfavorable biocompatibility, lack of 

bio-function, and the adverse effects of their 
degradation products limit their clinical applica-
tion. Consequently, the lack of ideal scaffolds 
considerably restricts the clinical translation of 
tissue-engineered trachea [4].

The decellularized trachea matrix (DTM) is an 
ideal scaffold for tracheal cartilage regenera-
tion due to its original tubular structure, natural 
cartilage matrix components, and excellent bio-
compatibility [9-11]. However, the dense carti-
lage matrix impedes the migration of cells into 
the DTM and leads to inadequate cartilage 
regeneration [12]. To overcome these prob-
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lems, the laser micropore technique (LMT) 
described previously, was used to fabricate an 
LMT-treated DTM (LDTM); this procedure makes 
the trachea sample porous in order to facilitate 
decellularized treatment and cell ingrowth [13, 
14]. Nevertheless, the large pore diameter 
(approximately 800 μm) and the arched and 
smooth surface of the LDTM, makes it consid-
erably difficult for cells to attach and distribute 
evenly throughout the LDTM, especially on its 
micropores. Therefore, for homogenous tubular 
cartilage regeneration, an extremely high cell-
seeding density (up to 2.0 × 108 cells/mL) was 
used in our previous study to enhance the vis-
cosity of cell suspension; we achieved a better 
cell attachment and uniform distribution in the 
LDTM [13]. The requirement of high cell num-
bers considerably restricts the clinical transla-
tion of tissue-engineered trachea based on the 
LDTM due to the lack of an adequate cell 
source.

For overcoming the above-stated problems, it  
is necessary to establish an effective method 
to improve cell-seeding efficiency in order to 
achieve homogeneous cell distribution through-
out the LDTM (as well as on the micropores and 
the LDTM surfaces). Type II collagen is currently 
the most widely used scaffold in clinical appli-
cations for cartilage repair; such a cell carrier 
might fulfill all the above requirements. Type II 
collagen-matrix guides cell migration, defines 
cell shape [15], and improves the synthesis  
of extracellular matrix by chondrocytes [16]. 
Moreover, collagen-which is unique to the carti-
lage-increases chondrogenesis in bone mar-
row-derived stem cells (BMSCs) [17, 18]. The- 
refore, collagen may be an ideal cell carrier for 
modifying the LDTM, enhancing cell-seeding 
efficiency, and for achieving a homogenous cell 
distribution.

The construction of tissue-engineered trachea 
involves paying considerable attention not only 
to the ideal scaffold but also to the appropriate 
cells that need to be seeded. Donor site mor-
bidity, a limited quantity of chondrocytes, and 
dedifferentiation of chondrocytes into fibro-
blasts suggest that autologous chondrocytes 
are not an ideal cell source [19, 20]. BMSCs are 
attractive alternatives for tracheal cartilage 
repair because they are highly chondrogenic 
and can be expanded; moreover, donor site 
morbidity that is caused as a result of bone 

marrow aspiration is limited. A collagen-modi-
fied LDTM in combination with BMSCs, may 
serve as an ideal scaffold for construction of 
tissue-engineered trachea, because such a 
system would not only have an ability to induce 
cartilage repair, but would also provide a natu-
ral cartilage microenvironment [21-25]. 

Accordingly, the present study was conducted 
with the following objectives: 1) to test whether 
the collagen-modified LDTM has a higher adher-
ence rate and can achieve even cell distribu-
tion as compared to the unmodified LDTM; 2) to 
verify that the chondrocyte-modified LDTM con-
struct supports stable homogenous tubular tra-
cheal cartilage regeneration with a relatively 
low cell concentration (specifically 5.0 × 107 
cells/mL, which is only a quarter of the cell-
seeding density used in a previous study) in 
vitro and in vivo [13]; 3) to test the hypothesis 
that the collagen-modified LDTM promotes 
chondrogenesis with BMSCs and forms homog-
enous tubular neocartilage in vivo.

Materials and methods

Experimental animals

The Shanghai Pulmonary Hospital Ethics Co- 
mmittee approved this project. Two-month-old 
New Zealand white rabbits with an average 
weight of 3.0 kg, were purchased from the 
Shanghai Jiagan Breeding Factory, Shanghai, 
China. Balb/c nude mice (lack of a thymus 
gland) were obtained from the Shanghai 
Institute of Materia Medica, Chinese Academy 
of Sciences, Shanghai, China.

Preparation of collagen-modified LDTM scaf-
fold

The LDTM was prepared using previously estab-
lished protocols [13, 14]; LDTM was cut into 1 
cm long sections and inserted in a 1 cm long 
silicone tube (8.5 cm internal diameter), follow-
ing which type II collagen solution (Sigma; 10 
mg/mL in 0.1-M acetic acid) was injected into 
the gap between each silicone tube and the 
LDTM. The whole complex was frozen at -20°C 
for 24 h and was lyophilized until it was dry. The 
lyophilized scaffolds were treated with a car-
bodiimide solution (48 mM EDC and 6 mM NHS 
in 50-mM MES buffer; pH = 5.5) at -4°C for 24 
h. The collagen-LDTM scaffold was rinsed with 
deionized water to remove the unreacted EDC 
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and NHS, and was lyophilized again. The colla-
gen-LDTM scaffold was referred to as the modi-
fied group, whereas the pure LDTM scaffold 
was referred to as the control group; this is dis-
cussed in the next section.

Cell sourcing and culture 

Auricular chondrocyte sourcing and culture: 
The auricular cartilage samples harvested from 
the New Zealand white rabbits were minced 
into approximately 1.0-mm3 pieces and were 
digested for 8 h with 0.15% type II collagenase 
(Gibco) in Dulbecco’s Modified Eagle Medium 
(DMEM, Gibco) at 37°C. Isolated chondrocytes 
were cultured in DMEM supplemented with 
10% fetal bovine serum (FBS, Gibco) and 1% 
penicillin-streptomycin at 37°C under an atmo-
sphere containing 5% CO2. The cells at passage 
two (P2) were used for in vitro and in vivo carti-
lage evaluations.

BMSCs sourcing and culture: Following intrave-
nous anesthesia with 5% sodium pentobarbital 
(0.5 mL/kg), 5 mL of bone marrow aspirate was 
harvested from the iliac crests of the New 
Zealand white rabbits, and was transferred into 
a 50-mL heparinized centrifuge tube. The 
BMSCs were isolated and expanded in vitro, as 
previously described [25]. The bone marrow 
was washed with DMEM, and centrifuged for 8 
min at 200 g, following which the supernatant 
was removed. After that, the pellet was resus-
pended in the regular culture medium (DMEM 
supplemented with 10% FBS, 100 U/mL peni-
cillin, and 100 U/mL streptomycin) and seeded 
in culture dishes. The sample was cultured for 
five days without changing the media to allow 
cells to get attached to the culture dishes; non-
adherent cells were removed by media change. 
Subsequently, media changes were performed 
every three days. When cells were more than 
80% confluent, they were digested with 0.25% 
trypsin plus 0.02% EDTA (Invitrogen) and sub-
cultured at a density of 1.0 × 104 cells/cm2 in a 
new plate. The cells at passage two (P2) were 
used for cartilage construction.

Cell distribution and proliferation of cell-scaf-
fold constructs

Adherence rate: The chondrocytes at the sec-
ond passage were seeded evenly onto the sur-
face of the modified LDTM and pure LDTM at a 
density of 1 × 105 cells/mL. After 24 h incuba-

tion, the cell-scaffold constructs were rinsed 
gently with phosphate-buffered saline (PBS) to 
remove dead cells. The rinsing solution and the 
remaining cells in the culture dish were collect-
ed; the cells were counted, and cell number 
was represented as N. The adherence rate of 
scaffolds was calculated based on the formula: 
(total cell number - N)/total cell number × 100% 
[14, 26].

Cell proliferation assay: Cell proliferation in the 
modified and control groups was determined 
using the cell proliferation assay. Viable cells 
were analyzed by a Cell Counting Kit-8 assay 
(CCK-8; Dojindo, Japan) following the manufac-
turer’s instructions. The optical density was 
measured at 450 nm, and the mean value was 
derived from five wells [8]. 

Live and dead cell viability assay: The viability 
of chondrocytes in the samples was deter-
mined at days 1 and 3 using the Live and Dead 
Cell Viability Assay (Invitrogen, USA), and was 
examined using a confocal microscope (Nikon, 
A1RMP, Japan).

In vitro and in vivo culture of chondrocyte-
modified LDTM

The 1.0-cm long, tubular modified LDTM and 
pure LDTM scaffolds were sterilized using ethyl-
ene oxide. Chondrocytes at P2 were harvested 
and resuspended at a density of 5.0 × 107 
cells/mL; 1.0 mL cell suspension was loaded 
evenly onto the modified LDTM and pure LDTM 
scaffolds, and all constructs were incubated at 
37°C for 4 h and cultured in DMEM containing 
10% FBS at 37°C under 5% CO2. The medium 
was changed every two days. After five days of 
in vitro culture, the constructs were continu-
ously cultured for four weeks or were subcuta-
neously implanted into nude mice and propa-
gated for six weeks. 

Morphology of constructs by SEM

Scanning electron microscopy (SEM; JEOL-
6380LV, JP) was employed to detect changes 
on the surface of samples at various stages, 
including those before cell seeding and five 
days in vitro cultured cell constructs in the 
modified and control groups. The samples were 
rinsed with PBS and fixed overnight in 0.05% 
glutaraldehyde at 4°C. After dehydration 
through a graded series of ethanol, the sam-
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ples were critical-point dried and examined by 
the SEM. 

Chondrogenesis of BMSCs-modified LDTM 
construct

P2 BMSCs were seeded evenly onto the sur-
face of the modified LDTM and pure LDTM scaf-
folds at a density of 5.0 × 107 cells/mL. After 
incubation at 37°C for 4 h, the constructs were 
cultured in DMEM containing 10% FBS at 37°C 
under 5% CO2. After maintenance in in vitro 
conditions for four weeks, the BMSCs-modified 
LDTM constructs were used for gene testing or 
were subcutaneously implanted into nude mice 
and propagated for 8 or 16 weeks. 

Real-time polymerase chain reaction (RT-PCR) 

After 1, 14, and 28 days of in vitro culture, the 
total RNA from the BMSC-collagen-LDTM  
constructs was extracted using the standard 
TRizol procedure (Invitrogen). The concentra-
tion and purity of the RNA were checked using 
a NanoDrop ND-2000 Spectrophotometer 
(Thermo Fisher, Wilmington, MA, USA). To 
ensure the purity of the RNA, only samples with 
a 260/280 nm absorbance ratio of >1.8 were 
analyzed. The mRNA was reverse-transcribed 
into cDNA using a ReverTra Ace kit (Toyobo, 
Osaka, Japan). Reactions were conducted at 
95°C for 10 min, followed by 40 cycles at 95°C 
for 15 s, 58°C for 15 s, 72°C for 35 s, and final-
ly 60°C for 1 min. The expressions of aggrecan, 
SOX9, and type II collagen genes were quanti-
fied using an RT-PCR on a LightCycler 480 sys-
tem (Roche Applied Science, Indianapolis, IN, 
USA). The target genes were amplified using the 
following specific primers: aggrecan (XM_002-
723376.1, forward: 5’-GGAGGAGCAGGAGTTT- 
GTCAA-3’ and reverse: 5’-TGTCCATCCGACCA- 
GCGAAA-3’); SOX9 (XM_002719499, forward: 
5’-GCGGAGGAAGTCGGTGAAGAAT-3’ and rever- 
se: 5’-AAGATGGCGTTGGGCGAGAT-3’); collagen 
II (XM_002723438.1, forward: 5’-CACGCTCAA- 
GTCCCTCAACA-3’, and reverse: 5’-TCTATCCA- 
GTAGTCACCGCTCT-3’). The housekeeping ge- 
ne, glyceraldehyde-3-phosphate dehydrogen- 
ase (GAPDH), was used as a reference gene 
(NM_001082253.1, forward: 5’-CAAGAAGGTG- 
GTGAAGCAGG-3’ and reverse: 5’-CACTGTTGA- 
AGTCGCAGGAG-3’). The mRNA levels of aggre-
can, SOX9, and collagen II were normalized to 
the levels of GAPDH mRNA at the correspond-
ing time points [27].

Histological analysis

Samples, including those cultured in vitro and 
in vivo, were fixed in 4% paraformaldehyde, 
embedded in paraffin, and sectioned. The sec-
tions were stained with hematoxylin and eosin 
and safranin-O to evaluate the structure and 
deposition of the cartilage extracellular matrix 
(ECM) in the engineered tissue. The expression 
of type II collagen was detected as previously 
described [13] to further verify the cartilage-
specific phenotype.

Quantitative analysis

All samples from the various groups, including 
pure LDTM, native trachea cartilage, in vivo-
engineered cartilage by chondrocytes, and 
BMSCs were cut into squares (0.5 × 0.5 cm2). 
Quantitative analyses were performed as des- 
cribed below.

Mechanical tests

Tensile tests were performed using a biome-
chanical analyzer (Instron 5542 Canton, USA) 
along the longitudinal direction up to the rup-
ture, as confirmed by the loss of load and the 
appearance of tears in the tissue. The speci-
mens were clamped into the sample holders, 
and testing was initiated with a constant elon-
gation rate of 1 mm/min at room temperature. 
The biomechanical analyzer recorded the load 
and elongation of the tissue in real-time. 
Maximum tensile forces were recorded for  
statistical analysis [13]. For the evaluation of 
radial properties, neocartilage specimens and 
native trachea specimens were placed on their 
sides between the compression plates. Com- 
plete radial compression of cylindrical con-
structs was performed at a strain rate of 1 mm/
min. Radial compression was performed to a 
maximum deformation equaling 60% of the 
original diameter. The samples were subjected 
to a continuous planar unconfined strain rate of 
1 mm/min until 80% of the maximal deforma-
tion was achieved; Young’s modulus of the test-
ed samples was calculated based on the slope 
of the stress-strain curve.

Wet weight and thickness

The samples from the various groups were 
weighed with an electronic balance, and their 
thickness was measured with a Vernier caliper. 
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Differences in wet weight and thickness among 
the groups were analyzed by one-way analysis 
of variance.

Biochemical analyses

The specimens were digested using a papain 
solution (Sigma-Aldrich) at 65°C. The sulfated 
glycosaminoglycan (GAG) content was quanti-
fied by alcian blue method [22, 28]. The genom-
ic DNA, after ethanol extraction and column 
adsorption, was recovered in the elution bu- 
ffer. The DNA content was detected using a 
nucleic acid and protein quantitation detector 
(Nanodrop 2000); each sample was analyzed 
three times. The total collagen content in vari-
ous groups was quantified by hydroxyproline 
assay. The samples were prepared by alkaline 
hydrolysis, and free hydroxyproline hydroly-
sates were assayed as described earlier [29].

Statistical analysis 

All data were analyzed using GraphPad Prism 
5.0, and presented as mean ± standard devia-
tion with n = 5; Two-tailed Student’s t-test was 
used to assess the statistical significance of 
results (P<0.05).

Results

Surface modification of LDTM

The topographies of the modified LDTM and 
pure LDTM scaffolds were evaluated initially 
based on gross and SEM observation. After 
even modification with collagen, the modified 
LDTM exhibited a porous structure both the 
surface as well as inside the laser micropores 
(Figure 1A1-A3); this was also confirmed by the 
transverse section image captured by SEM 
(Figure 1A4). In the group without collagen 
(control group), only laser micropores were 
observed, and the remaining surfaces were 
verified by gross and SEM observations (Figure 
1B1-B4). The results indicated that the modi-
fied group had a more porous structure for cell 
seeding.

In vitro cell seeding 

After cell seeding, the Live and Dead staining 
assay was used to analyze survival and pro- 
liferation of chondrocytes in both groups. 
Relatively homogeneous cell distribution was 
observed in the modified group (Figure 2A1 
and 2A2), but not in the control group (Figure 
2B1 and 2B2). Moreover, distinct cell loss 

Figure 1. Surface topography of the modified and control groups. The gross and SEM views show evenly distributed 
porous collagen scaffold on all surfaces and the laser micropores of the LDTM in the modified (A1-A3), but not in 
the control group (B1-B3), thereby increasing the porous structure and expanding the surface for cell adhesion. 
Imaging of the transverse section (A4 and B4) by SEM confirmed these results. The red dotted lines indicate the 
borders of LDTM.
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inside the laser micropores was observed in 
the control group (Figure 2B1 and B2). 
Quantitative analyses showed a significantly 
higher adherence rate (at 24 h) (Figure 2C) and 
cell proliferation on days 1, 3, and 5 (Figure 2D) 
in the modified group compared to the control 
group. These results showed a homogeneous 
cell distribution and improved cell adherence 
rate in the modified group; hence, it is expected 
to enhance cartilage regeneration significantly.

Cartilage regeneration in vitro and in vivo

Cartilage regeneration was evaluated first in in 
vitro studies. After in vitro culture for 5 days, 
chondrocytes produced abundant ECM to cover 
all micropores and the entire surface in the 
modified group (Figure 3A1-A3). In marked con-
trast, the nonhomogeneous ECM distribution 
and laser micropores can be observed distinct-
ly in the control group (Figure 3B1-B3). After 
four weeks of in vitro culture, the samples in 
the modified group formed homogeneous tubu-
lar cartilage-like tissues, and the continuous 

neocartilage completely covered the surfaces 
and filled the micropores (Figure 4A1). Histology 
results showed that cells secrete abundant 
homogeneous ECM to cover both micropores 
and surfaces (Figure 4A2) as evidenced by the 
positive staining for GAG (Figure 4A3) and col-
lagen II (Figure 4A4). In sharp contrast, a rela-
tively thin irregularly shaped nonhomogeneous 
cartilage was observed in the control group 
(Figure 4B1-B4).

The feasibility of homogeneous cartilage regen-
eration in vivo was explored further. After 5 
days of in vitro pre-culture and six weeks of 
subcutaneous implantation, the results were 
consistent with those obtained in vitro (includ-
ing gross view and histological examination) 
(Figure 5A1-A4 and 5B1-B4). All quantitative 
evaluations of the in vivo engineered cartilage, 
including wet weight (Figure 6A), thickness 
(Figure 6B), DNA content (Figure 6C), GAG con-
tent (Figure 6D), total collagen (Figure 6E), 
breaking force (Figure 6F), compression force 
(Figure 6G), and Young’s modulus (Figure 6H), 

Figure 2. Distribution and proliferation of chondrocytes in the modified and control groups. The Live and Dead assay 
staining shows the survival and proliferation of chondrocytes in both groups (A, B); However, a relatively homoge-
neous cell distribution is observed only in the modified group (A1 and A2). Further, a less dense and nonhomoge-
neous cell distribution is seen in the control group (B1 and B2). Quantitative analyses show significantly higher 
adherence rate at 24 h (C), and DNA content, on 1, 3, and 5 days (D) in the modified group compared to the control 
group. ***: P<0.001.
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were significantly higher in the modified group 
than those in the control groups (and the other 
groups). The above results indicated that the 
LDTM at a low cell-seeding concentration (5.0 × 
107 cells/mL) failed to form satisfactory carti-
lage without surface modification.

Chondrogenesis using BMSC-modified LDTM 
construct 

Cartilage regeneration using BMSCs as seed-
ing cells is another important basis for predict-
ing the feasibility of a future clinical application. 
After seeding the BMSCs onto the modified 
LDTM and culturing for 1, 14, and 28 days in 
vitro, the real-time gene expression results 
showed fold-increases in collagen II (Figure 7A), 
aggrecan (Figure 7B), and SOX9 (Figure 7C) 
expression. Moreover, after 8 and 16 weeks of 
in vivo culture, the samples formed elastic, 
homogeneous, ivory-white cartilage-like tis-
sues that were comparable to the tissues 
formed by samples seeded with chondrocytes 

(Figure 8). Histologically, all samples exhibited 
the typical features of cartilage tissue, with 
abundant lacuna structures and cartilage-spe-
cific ECM deposition (Figure 8A2-A4 and 8B2-
B4). Moreover, the neocartilage matured with 
an extended culture time of 8-16 weeks; char-
acterized by a whiter appearance, more typical 
lacuna structures, and a thicker cartilage layer, 
which were confirmed by the quantitative analy-
ses of the DNA, GAG, and total collagen con-
tent, and the values of breaking force, com-
pression force, and Young’s modulus (Figure 9). 
These results indicate that in combination with 
BMSCs, the modified LDTM is an ideal scaffold 
for chondrogenesis induction.

Discussion

To date, there is no clinically available tracheal 
substitute because many attempts to produce 
an autologous or synthetically safe and repro-
ducible tracheal graft have failed; this under-
mines the future of long-segment tracheal 

Figure 3. Cell-scaffold construct. After chondrocyte seeding and in vitro culture for 5 days, the chondrocytes produce 
abundant ECM to cover all micropores and entire surfaces in the modified group (A1-A3). Conversely, nonhomoge-
neous and less dense ECM distribution, and exposed laser micropores can be observed distinctly in the control 
group (B1-B3). SEM images of the transverse section also confirm the above conclusions (A3 and B3). The red dot-
ted lines indicate the borders of LDTM.
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replacement [30-32]. Tissue-engineered tra-
cheal cartilage regeneration based on the 
LDTM demonstrates the possibility of develop-
ing an ideal tracheal substitute with a natural 
tubular shape, excellent cartilage regeneration 
ability, adequate mechanical properties, and 
ECM components that are similar to that of the 
native trachea [13, 14]. However, the rigid 
implantation cell density requirement substan-
tially restricts the clinical translation of the 
LDTM, which has a low cell adherence rate [33]. 
The current study addresses this challenge by 
proposing the use of collagen as a substrate for 
increasing the cell retention ability of the LDTM 
to improve tracheal cartilage regeneration. The 
results showed that collagen-modified LDTM 
significantly enhanced the cell-seeding efficien-
cy and achieved stable cell retention as well as 
homogenous cell distribution throughout the 

pores, and because of its arched and smooth 
surface; evidently, these features are unfavor-
able for cell adhesion and retention. The tra-
chea, as a unique tubular structure, poses a 
substantial challenge for cell adhesion and 
retention. The current study addressed this by 
modifying the LDTM with collagen to enhance 
the cell-seeding efficiency and to achieve 
homogeneous cell distribution. The results 
show the formation of a porous structure on the 
surface and inside the laser micropores of the 
modified LDTM. The porous collagen structure 
displayed excellent biocompatibility and pro-
vided a natural three-dimensional (3D) biomi-
metic microenvironment that supported chon-
drocyte survival, proliferation, ECM production, 
and cartilage regeneration. After seeding, the 
cells got firmly attached to the porous collagen 
structure and were distributed evenly on the 

Figure 4. In vitro tracheal cartilage regeneration. The modified group forms 
homogeneous cartilage-like tissue (A1). Histologically, the cells secrete abun-
dant homogeneous ECM to cover both micropores and surfaces (A2), which 
stained positive for glycosaminoglycan (GAG) (A3) and collagen II (A4). How-
ever, a relatively thin and nonhomogeneous engineered cartilage with an ir-
regular shape is observed in the control group (B1-B4). The seeded cells are 
rabbit auricular chondrocytes.

LDTM. Moreover, a satisfac-
tory homogeneous tubular 
cartilage was regenerated 
successfully using the colla-
gen-modified LDTM in vitro 
and in vivo with a relatively 
low cell-seeding density (5.0 
× 107 cells/mL, which was 
only a quarter of the cell-
seeding density that was 
used in our previous study 
[13]). Most importantly, the 
modified LDTM promoted the 
chondrogenesis of BMSCs 
and formed a homogeneous 
neocartilage in vivo. These 
results provide a feasible 
strategy for the long-segment 
tracheal cartilage regenera-
tion and its clinical trans- 
lation. 

Although the results from our 
previous study showed an 
acceptable tubular cartilage 
regeneration based on the 
LDTM, the strict implantation 
cell density (2.0 × 108 cells/
mL) requirement consider-
ably restricts its clinical tran- 
slation. A high implantation 
cell density is required for 
LDTM because it has a low 
cell adherence rate due to the 
presence of overlarge micro-
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surface and in the micropores; thus, collagen 
contributed significantly to considerably higher 
cell-seeding efficiency and DNA content in the 
modified group compared to the control group. 
These results collectively indicate the feasibili-
ty of using collagen as a carrier to improve cell 
seeding and distribution.

After addressing the challenges in cell seeding 
and distribution, the next crucial question is 
whether the homogeneous tracheal cartilage 
can be regenerated successfully using a rela-
tively low cell-seeding concentration in the 
modified LDTM. This is important as it relates 
directly to the future clinical applicability of this 
method [34-36]. As expected, after 5 days or 
four weeks of in vitro culture, and six weeks of 
subcutaneous implantation in nude mice, the 
chondrocyte-modified LDTM constructs with an 

modified group, the adequate cartilage regen-
eration observed on using a relatively low 
implantation cell density was attributed to the 
high cell-seeding efficiency, excellent biocom-
patibility, low cytotoxicity, and a natural 3D bio-
mimetic microenvironment provided by the col-
lagen and the LDTM. Based on the current 
results, the quantitative indices, including wet 
weight, thickness, DNA content, GAG content, 
total collagen, breaking force, compression 
force, and Young’s modulus, in the modified 
group were not only significantly higher than 
those in the control group, but were also even 
higher than those in the native tracheal tissue. 
Thus, implying that a lower cell-seeding con-
centration with collagen as a carrier might also 
regenerate adequate amount of tracheal carti-
lage; consequently, this finding has a higher 
clinical significance.

Figure 5. In vivo tracheal cartilage regeneration. Similar to the in vitro results, 
the modified group forms homogeneous cartilage-like tissues in vivo (A1). 
Histologically, cells secrete abundant homogeneous ECM to cover the micro-
pores and surfaces (A2) which stain positive for GAG (A3) and collagen II (A4). 
In contrast, a relatively thin and nonhomogeneous engineered cartilage with 
an irregular shape is observed in the control group (B1-B4). The seeded cells 
are rabbit auricular chondrocytes.

initial implantation cell den- 
sity of 5.0 × 107 cells/mL, 
formed homogeneous carti-
lage-like tissues with a per-
fect trachea shape, adequa- 
te mechanical strength, and 
good elasticity. Histological 
examination further showed 
that the regenerated trachea 
cartilage possessed a chime-
ric structure composed of 
typical neocartilage and resi- 
dual LDTM scaffold with 
acceptable interface integra-
tion. Furthermore, the neo-
cartilage completely filled the 
micropores and covered the 
surfaces to sufficiently sur-
round the residual LDTM 
scaffold. In contrast, the ch- 
ondrocyte-LDTM constructs 
(control group) formed rela-
tively thin and nonhomoge-
neous cartilage with an irreg-
ular shape and prominently 
visible micropores with in- 
ferior mechanical properties 
and reduced elasticity. These 
observations suggest that 
the chondrocyte-LDTM con-
structs failed to form a suit-
able cartilage without a cell 
carrier at a low chondrocy- 
te concentration (5.0 × 107 
cells/mL). Evidently, in the 
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Although the use of chondrocytes is prevalent 
in cartilage tissue engineering applications, the 
concerns associated with donor-site morbidity, 
cell dedifferentiation, and limited lifespan of 
chondrocytes have led to the use of BMSCs 

[37]. The BMSCs seem to be the right cell type 
for tissue-engineered cartilage regeneration 
because of their chondrogenic capacity, and 
their ease of isolation and expansion in vitro 
[38, 39]. The function of native trachea carti-

Figure 6. Quantitative evaluations of the engineered cartilage in nude mice. All quantitative indices, including wet 
weight (A), thickness (B), DNA content (C), GAG content (D), total collagen (E), breaking force (F), compression force 
(G), and Young’s modulus (H), are significantly higher or comparable in the modified group than those in the other 
groups. The indices in the control group are evidently higher compared to those of the pure and modified LDTM scaf-
folds, but are lower than those of fresh native trachea. Letters in lowercase indicate significant differences among 
the groups (P<0.05). The red arrows indicate the direction of the force.

Figure 7. Gene expression levels in the background of chondrogenic induction using BMSCs in vitro. The real-time 
gene expression results from BMSC-modified LDTM construct in vitro on days 1, 14, and 28 show the fold-increases 
in collagen II (A), aggrecan (B), and SOX9 (C) gene expression, which indicate that BMSCs are gradually differentiat-
ing into cartilage. Lowercase letters indicate significant differences among groups (P<0.05).
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lage can be attributed to the presence of 
unique structural proteins that are a part of an 
organized extracellular network, which is com-
posed mainly of type II collagen [40]. Collagen 
is a very promising material, which is used in a 
wide range of tissue engineering applications 
due to its excellent biocompatibility, biodegrad-
ability, and cell-binding properties [40, 41]. 
Moreover, type II collagen increases the chon-
drogenesis of BMSCs [17, 18]. The LDTM also 
provides a natural chondrogenesis microenvi-
ronment for BMSCs [42, 43]. As a result, the 
collagen-modified LDTM supports the chondro-
genesis of BMSCs. The current study demon-
strates that the collagen-modified LDTM is suit-
able for chondrogenic inducement with BMSCs 
and formation of homogeneous tubular carti-

This work was supported by the National 
Natural Science Foundation of China (8157- 
0089, 81270070), Natural Science Foundation 
of Shanghai (19ZR1442600).

Disclosure of conflict of interest

None.

Address correspondence to: Drs. Liang Duan and 
Gening Jiang, Department of Thoracic Surgery, 
Shanghai Pulmonary Hospital, Tongji University 
School of Medicine, Shanghai, P. R. China. E-mail: 
duan-liang@163.com (LD); jgnwp@aliyun.com (GNJ); 
Dr. Xue Zhang, Department of Dermatology, Xinhua 
Hospital, Shanghai Jiao Tong University School of 
Medicine, Shanghai, P. R. China. E-mail: zhangx-
ue0101@hotmail.com (XZ)

Figure 8. In vivo chondrogenesis using the BMSC-modified LDTM construct. 
After cell seeding, the BMSCs are evenly distributed on the modified LDTM 
which form homogeneous cartilage-like tissues that exhibit a partially mature 
cartilage appearance from 8 to 16 weeks (A1-A4 and B1-B4). Histologically, 
the engineered cartilage induced by the BMSCs is primarily formed at eight 
weeks with typical lacunae structures and cartilage-specific ECM deposition 
(A2-A4); it matures as a function of extended in vivo culture time as confirmed 
by larger lacuna structure and increased cartilage matrix secretion (B2-B4). 

lage during in vitro and in vivo 
culture; thus suggesting the 
feasibility of its future clinical 
application.

Conclusion

In summary, the collagen-
modified LDTM scaffold is an 
effective strategy to achieve 
even cell distribution and su- 
ccessful homogeneous tu- 
bular cartilage regeneration 
with relatively low cell-seed-
ing densities. In addition, our 
study showed that the coll- 
agen-modified LDTM could 
induce cartilage regeneration 
with the BMSCs. The current 
study has established a ver-
satile, highly efficient cell-
seeding strategy for various 
types of tissue regeneration. 
We also present a technique 
that yields an optimal trache-
al substitute for the repair 
and functional reconstruction 
of long-segment tracheal 
defects. Nevertheless, the 
feasibility of using this sys-
tem for in situ tracheal defect 
repair, epithelialization, and 
vascularization, needs to be 
investigated in the future.
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