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Converging 3D Printing and Electrospinning: Effect of
Poly(l-lactide)/Gelatin Based Short Nanofibers Aerogels on
Tracheal Regeneration

Zhengchao Yuan, Yijiu Ren, Muhammad Shafiq,* Yujie Chen, Hai Tang, Baojie Li,
Mohamed EL-Newehy, Hany EL-Hamshary, Yosry Morsi, Hui Zheng,* and Xiumei Mo*

Recently, various tissue engineering based strategies have been pursued for
the regeneration of tracheal tissues. However, previously developed tracheal
scaffolds do not accurately mimic the microstructure and mechanical
behavior of the native trachea, which restrict their clinical translation. Here,
tracheal scaffolds are fabricated by using 3D printing and short nanofibers
(SF) dispersion of poly(l-lactide)/gelatin (0.5–1.5 wt%) to afford tracheal
constructs. The results display that the scaffolds containing 1.0 wt % of SF
exhibit low density, good water absorption capacity, reasonable degradation
rate, and stable mechanical properties, which were comparable to the native
trachea. Moreover, the designed scaffolds possess good biocompatibility and
promote the growth and infiltration of chondrocytes in vitro. The
biocompatibility of tracheal scaffolds is further assessed after subcutaneous
implantation in mice for up to 4 and 8 weeks. Histological assessment of
tracheal constructs explanted at week 4 shows that scaffolds can maintain
their structural integrity and support the formation of neo-vessels.
Furthermore, cell-scaffold constructs gradually form cartilage-like tissues,
which mature with time. Collectively, these engineered tracheal scaffolds not
only possess appropriate mechanical properties to afford a stabilized structure
but also a biomimetic extracellular matrix-like structure to accomplish tissue
regeneration, which may have broad implications for tracheal regeneration.

1. Introduction

The trachea is a hollow-structured organ that plays a vital role
in respiration, phonation, and airway protection.[1] The tracheal
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defects are usually caused by tumor, infec-
tion, and trauma, which can significantly af-
fect the quality of life of an individual.[2,3]

When the defected region is more than
50% of the total tracheal length in adults
or about 30% in pediatric patients, it is al-
most impossible to be regenerated by the
conventional surgical methods, including
an end-to-end anastomosis.[4,5] This neces-
sitates the implantation of tracheal substi-
tutes for airway reconstruction.[6,7] Tissue-
engineered trachea scaffolds possessing
sufficient mechanical strength and a proper
luminal contour have gathered consider-
able attention of the research community
for tracheal regeneration applications.[8]

An ideal tracheal implant should pos-
sess a tubular-shaped structure similar
to that of the native trachea to main-
tain respiration,[9] sufficient mechanical
strength to avoid collapse, structural sta-
bility for an uninterrupted performance
during implantation,[10] a biomimetic ex-
tracellular matrix (ECM)-like structure to
support cell adhesion and proliferation,[7]

and a desirable bioactivity to achieve tissue
regeneration.[11]

Tissue engineering techniques provide promising alternatives
for fabricating tracheal scaffolds.[12] Decellularized tracheal ma-
trix is a desirable substitute for tracheal regeneration due to
its natural tubular structure, cartilage matrix components, and
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biodegradability.[13] However, the long-time needed for the tra-
cheal decellularization may not be a feasible strategy, especially
for the treatment of the neo-natal tracheal atresia or serious de-
fects requiring an earlier tracheal replacement.[14] Electrospun
tracheal scaffolds have been demonstrated to be used for tracheal
repair. However, the tracheal stenosis and collapse may ham-
per their clinical translation.[14,15] Similarly, the poor mechanical
properties and dense structure of hydrogels may limit their ap-
plication for tracheal regeneration.[16,17] Three-dimensional (3D)
printing is a promising method for the precise fabrication of tra-
cheal scaffolds that closely match the mechanical properties and
architecture of patients’ trachea,[18] which has been widely ex-
ploited to fabricate tracheal implants.[12,13] However, 3D-printed
tracheal scaffolds experience significant drawbacks, including in-
sufficient biocompatibility and less regenerative ability, which re-
mains a great challenge due to the lack of structures and func-
tions similar to the natural ECM.[15,16]

Recently, electrospinning, a simple yet versatile technology,
has gathered widespread attention of the research community
due to the high porosity and large surface-area-to-volume ra-
tio of the electrospun scaffolds.[18,19] However, electrospun scaf-
folds are generally two-diensional (2D) nanofibrous membranes
comprising of densely-packed fibers layers with only superficial
pores, which impede cell growth and cell infiltration.[20,21] Thus,
it is imperative to foster an innovative strategy to improve the
microstructure of the electrospun scaffolds.

Herein, we conceived a biomimetic tracheal scaffold to mimic
native ECM-like structure and mechanical behavior similar to
the native trachea by simultaneously exploiting the advantages
of 3D printing and electrospinning. The planar scaffolds were
first fabricated by 3D printing, which were next amassed into
a tubular shape. Polycaprolactone (PCL), which has good bio-
compatibility and biodegradability and has been widely explored
for the fabrication of tissue engineering scaffolds, including ar-
tificial blood vessels and 3D-printed materials was chosen for
the 3D printing of tubular scaffolds.[22] Poly(l-lactide)/gelatin
(PLLA/Gel) based scaffolds prepared by electrospinning have
been shown to exhibit ECM-like structure as well as excellent
biocompatibility and were therefore chosen as materials for the
fabrication of the short nanofiber aerogels.[23] The tracheal scaf-
folds were fabricated by combining tubular scaffolds and short
nanofibers aerogels. We investigated their structural stability, me-
chanical properties, degradability, biocompatibility, and cell infil-
tration in vitro. Thereafter, we assessed the biocompatibility of
scaffolds in vivo. The combinatorial approach encompassing 3D
printing and short nanofibers self-assembly may have broad im-
plications for tracheal regeneration applications.

2. Results

Tracheal scaffolds were fabricated by using tubular scaffolds and
the different concentrations of short nanofibers aerogels. Both
the short nanofiber aerogels and tracheal scaffolds were thor-
oughly characterized.

2.1. Preparation and Characterizations of Tracheal Scaffolds

The morphological analysis of the nanofibers was carried out
by scanning electron microscopy (SEM), which displayed a

smooth and uniform morphology of nanofibers (Figure 1a). The
PLLA/Gel nanofibers were next converted into short nanofibers
by a high-speed homogenizer to realize their dispersion for incor-
poration into tracheal scaffolds (Figure 1b). Next, the 3D-printed
planar scaffolds were fabricated into tubular scaffolds (Figure 1c).
The number of the strands, layer thickness, diameter, and axial
length of tubular scaffold were determined.

The tracheal scaffolds were fabricated by using 3D-printed
tubular scaffolds and short nanofiber aerogels containing 0.5%,
1.0% and 1.5% of short nanofibers (SF0.5, SF1.0, and SF1.5
aerogels) and represented as TSF0.5, TSF1.0, and TSF1.5, re-
spectively (Figure 1e‒g). It was clearly observed from the SEM
micrographs that the tracheal scaffolds had a porous architec-
ture (Figure 1i‒k). Aerogels were composed of a large number
of short nanofibers exhibiting nonuniform and randomly dis-
tributed pores (Figure 1i‒k insets). The cross-sections of TSF1.0
displayed the tubular scaffolds (TBS) and SF1.0 aerogels on both
sides to afford composite construct (Figure 1h‒i).

The tracheal scaffolds were designed to mimic the structure
of the native trachea (NT) in a 3-month-old New Zealand white
rabbit (weight 2.5–3.0 kg). To mimic the NT, the tracheal scaf-
folds should exhibit the morphology similar to the NT, includ-
ing axial length, layer thickness, and diameter (Figure 2a,b). Ta-
ble 1 showed the macroscopic characteristics of scaffolds and NT.
The length of TBS, dry TSF1.0, wet TSF1.0, and NT did not ap-
preciably differ from each other. The layer thickness of TBS, dry
TSF1.0, wet TSF1.0, and native trachea was 0.79 ± 0.02, 1.67 ±
0.13, 1.25 ± 0.18, and 0.83 ± 0.02 mm, respectively. The TSF1.0
displayed larger layer thickness than that of the NT, which is as-
cribed to the incorporation of the aerogels on both sides of the
tracheal scaffolds. The addition of the short nanofibers aerogels
also affected the diameter of tracheal scaffolds; which exhibited
less diameter than that of the aerogel-free tubular scaffolds (in-
ner diameter, TBS, 8.13 ± 0.06 mm; dry TSF1.0, 6.52 ± 0.24 mm;
wet TSF1.0, 6.98 ± 0.30 mm; and NT, 5.97 ± 0.58 mm). The outer
diameter of tracheal scaffolds was 9.63 ± 0.08, 9.85 ± 0.21, 9.48 ±
0.20, and 7.37 ± 0.35 mm for TBS, dry TSF1.0, wet TSF1.0, and
NT, respectively.

The porosity of SF0.5, SF1.0, SF1.5, and TSF1.0 was 97.4 ±
0.1%, 93.2 ± 0.6%, 91.0 ± 0.8%, and 61.2 ± 3.3%, respectively
(Figure 3a). The density of SF0.5, SF1.0, SF1.5, and TSF1.0 was
12.3± 0.6, 22.9± 0.6, 27.7± 1.7, and 179.0± 3.3 mg cm−3, respec-
tively (Figure 3b). The TSF1.0 exhibited less porosity, whereas
high density than that of the SF aerogels. The volume shrinkage
rate of SF0.5, SF1.0, and SF1.5 was 28.7 ± 0.4%, 26.7 ± 0.4%, and
25.4± 0.2% in dry state, and 52.2± 0.1%, 34.3± 0.2%, and 29.4±
0.2% in wet state, respectively (Figure 3c). These results showed
that the SF0.5 aerogels underwent severe volume shrinkage than
that of the SF1.0 and SF1.5 aerogels in the wet state.

The water absorption of SF0.5, SF1.0, SF1.5, and TSF1.0 was
2847.9± 289.9%, 2147.8± 285.9%, 1633.1± 141.5%, and 579.1±
19.0%, respectively (Figure 3d). The aerogels achieved the max-
imum water absorption in less than 3 min, which showed their
good water absorption capacity. On the other hand, the TSF1.0
took longer time for the water absorption (≈10 min), which is at-
tributed to the hydrophobic nature of the PCL. Moreover, in the
water absorption reversibility testing for up to 10 cycles, the SF1.0
and SF1.5 aerogels were compressed with a strain of 80% to re-
move most of the absorbed water. After the compressive force was
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Figure 1. Morphological analysis of tracheal scaffolds. SEM image of PLLA/Gel electrospun nanofibers a). Optical microscope image of the homogenized
short nanofibers b). Photograph of tubular scaffold (TBS) c). Representative photographs of TSF0.5 e), TSF1.0 f), TSF1.5 g), and TSF1.0 cross-section h).
Representative SEM images of TSF0.5 i), TSF1.0 j), TSF1.5 k), and TSF1.0 cross-section l). Insets in show high magnification of areas in the corresponding
images of tracheal scaffolds h‒k). Scale bar, 2 mm g), 100 μm h‒k), and 20 μm (insets h‒j).

Figure 2. Macroscopic appearance of tracheal scaffold and native trachea. Representative photographs of length a) and diameter b) of wet TSF1.0 and
native trachea. Red and white arrows indicate TSF1.0 and native trachea, respectively.

Macromol. Biosci. 2022, 22, 2100342 © 2021 Wiley-VCH GmbH2100342 (3 of 14)
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Table 1. Morphological characteristics of native trachea and tracheal scaf-
folds.

Index*(n = 5) NT TBS Dry TSF1.0 Wet TSF1.0

Axial length [cm] 3.50±0.12 3.55±0.03 3.55±0.03 3.55±0.03

Layer thickness [mm] 0.83±0.02 0.79±0.02 1.67±0.13 1.25±0.18

Inner diameter [mm] 5.97±0.58 8.13±0.06 6.52±0.24 6.98±0.30

Outer diameter [mm] 7.37±0.35 9.63±0.08 9.85±0.21 9.48±0.20

relieved, the scaffolds absorbed water and recovered to their orig-
inal shapes with no loss for the water absorption capacity (Fig-
ure 3e).

2.2. Evaluation of Mechanical Properties

Mechanical properties, such as ultimate tensile stress (UTS),
Young’s modulus (E), and elongation at break (Eb) of TBS and
NT were evaluated and shown in Figure 4. While both groups fol-
lowed the Hooke’s law during the initial stage of stretching, the
TBS underwent deformation beyond the yield point as the stress
was increased due to the elongation of the PCL (Figure 4b). The
Eb of TBS and NT was 226.3 ± 11.0% and 142.1 ± 14.4%, respec-
tively (Figure 4c). Meanwhile, the UTS and E of NT were lower
than that of the tubular scaffolds (UTS, NT, 0.52 ± 0.06 MPa and
TBS, 3.79 ± 0.06 MPa; E, NT, 0.10 ± 0.01 MPa and TBS, 42.03 ±
1.44 MPa) (Figure 4d,e).

TBS, dry TSF1.0, wet TSF1.0, and NT also underwent radial
compression testing for up to 50 loading-unloading fatigue cycles
(𝜖 = 50%) (Figure 5a). No significant decrease in the stress was
observed for the scaffolds after 50 cyclic compressions, which dis-
played their excellent performance during compression testing
(Figure 5b–e). In the first cycle of the compression test, the com-

pressive stress at 50% deformation was found to be 39.83 ± 1.59,
32.49 ± 5.05, 26.96 ± 0.84, and 18.70 ± 3.36 MPa for TBS, dry
TSF1.0, wet TSF1.0, and NT, respectively (Figure 5f), which in-
dicated that the compressive stress of scaffolds was significantly
higher than that of the NT. Similarly, E of TBS, dry TSF1.0, wet
TSF1.0, and NT was 70.72 ± 14.29, 46.19 ± 11.17, 20.86 ± 3.13,
and 19.30 ± 4.96 MPa, respectively (Figure 5g); there was no sig-
nificant difference in the E between wet TSF1.0 and NT. More-
over, tracheal scaffolds and NT did not differ in term of the elas-
tic recovery, which was statistically insignificant among different
groups (Figure 5h). The results of elastic recovery rate indicated
that TBS, dry TSF1.0, wet TSF1.0, and NT could bear a compres-
sive strain as higher as 50% and recover to their original shapes
after the stress is released. Wet TSF1.0 and NT better preserved
the maximum stress value with less stress loss after 50 cycles of
compression at 50% strain than that of the TBS, dry TSF1.0 (Fig-
ure 5i,j). Furthermore, the elastic performance of wet TSF1.0 was
analogous to that of NT in the loading–unloading fatigue cycles.

2.3. Degradation of Scaffolds In Vitro

The evaluation of the degradation of the scaffolds is very impor-
tant to assess the structural stability and morphology. As depicted
in Figure 6a, all samples tended to degrade over time; the re-
maining mass after degradation was found to be 96.92 ± 1.29%,
95.71 ± 2.13%, and 83.72 ± 3.83% in the TBS, TSF1.0, and SF1.0
aerogel groups, respectively, after 12 weeks in vitro. SF1.0 aero-
gels displayed significantly higher weight loss than that of the
TBS and TSF1.0 beyond the week 2, which may be ascribed to
the degradation of the gelatin in the SF1.0 aerogel. Furthermore,
the aerogel of TSF1.0 did not fall off until week 12, which indi-
cated their good structural stability (Figure 6b,c). The degradation
of the scaffolds was further ascertained by morphological obser-
vations by using scanning electron microscopy (SEM) as shown

Figure 3. Characterization of aerogels and tracheal scaffolds. The porosity a), density b), volume shrinkage rate c), water absorption d), and water
absorption reversibility e) of samples (n = 5). *p = 0.05.

Macromol. Biosci. 2022, 22, 2100342 © 2021 Wiley-VCH GmbH2100342 (4 of 14)
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Figure 4. Longitudinal tensile testing of tubular scaffold and NT. Photographs of the tubular scaffold (TBS) during elongation a), tensile stress–strain
curves of TBS and NT b), ultimate tensile stress (UTS) c), Young’s modulus (E) d), elongation at break (Eb) e) of TBS and native trachea (n = 5). *p =
0.05.

in Figure 6d. The morphology of TBS did not substantially alter
during the investigation period. Similarly, TSF1.0 exhibited in-
tact structures of the SF aerogel in cross-sectional view, which
did not change. By contrast, the morphology of the TSF1.0 sur-
face aerogel changed at 4, 6, 8, and 12 weeks from well-defined
fibrous structure to the slightly swollen state of the fibers due to
the degradation of the aerogel on the nanofibers. The degradation
results displayed that the TSF1.0 could maintain their structural
stability as long as 12 weeks.

2.4. Biocompatibility of Scaffolds In Vitro

The hemolysis test was carried out to investigate the hemocom-
patibility of tracheal scaffolds in vitro. The hemolysis ratio of TBS,
TSF0.5, TSF1.0, and TSF1.5 was found to be 0.84 ± 0.5%, 0.93 ±
0.6%, 0.86 ± 0.2%, and 1.52 ± 0.3%, respectively (Figure 7a).
The hemolysis ratio of scaffolds was less than 2%, which demon-
strated their good hemocompatibility.[24] To further discern the
biocompatibility of the scaffolds, the cell seeding efficiency was
determined, which was found to be 82.5± 1.7%, 92.2± 3.4%, and
96.1 ± 1.9% for TSF0.5, TSF1.0, and TSF1.5 scaffolds, respec-
tively (Figure 7b). The tracheal scaffolds showed higher numbers
of cells than that of the SF aerogels, which may be ascribed to
their 3D porous structure conducive for cell proliferation and ad-
hesion.

Moreover, the cell proliferation of scaffolds was measured by
cell counting kit-8 (CCK-8) assay, which showed that the prolifera-
tion of chondrocytes was increased with the time, further indicat-
ing about the biocompatibility of scaffolds (Figure 7c). However,
no significant difference in the cell proliferation was observed

among different groups of tracheal scaffolds. The live/dead stain-
ing assay also indicated the higher survival of cells on the tracheal
scaffolds in vitro for up to 7 days (Figure 7d). Cell proliferation
and cell adhesion of scaffolds was further observed by SEM (Fig-
ure 7e). Chondrocytes attached well and spread nicely on the tra-
cheal scaffolds. The nanofibrous surfaces of TSF1.0 and TSF1.5
were completely covered by the chondrocytes after a culture for
up to 7 days, which were consistent with the live and dead stain-
ing assay results. Taken together, these results indicate good bio-
compatibility of tracheal scaffolds.

2.5. Evaluation of Cell Infiltration into Scaffolds In Vitro

All of the tracheal scaffolds maintained their tubular shapes af-
ter being seeded with chondrocytes in vitro for up to day 7 (Fig-
ure 8a‒c). However, the longitudinal sections of TSF0.5 exhib-
ited structural instability demonstrating less adhesion between
the aerogels and scaffold, which may be ascribed to the volume
shrinkage of SF0.5 aerogel in the wet state (Figure 3c). The thick-
ness of the slices during the hematoxylin and eosin (H&E) stain-
ing also confirmed the volume shrinkage of short fiber aerogel.
To investigate cell infiltration into tracheal scaffolds, H&E stain-
ing at day 7 was performed, which established that the chondro-
cytes not only accumulated on the surface of scaffolds but also
infiltrated into the scaffolds (Figure 8d‒f). Moreover, chondro-
cytes penetrated deeply into the TSF0.5 and TSF1.0 scaffolds than
that of the TSF1.5 group (Figure 8g‒i). The scarcity of cells in the
cross-section of TSF1.5 may be due to the difficulty for cells to in-
filtrate in the SF1.5 aerogels. Overall, the TSF1.0 scaffolds proved

Macromol. Biosci. 2022, 22, 2100342 © 2021 Wiley-VCH GmbH2100342 (5 of 14)
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Figure 5. Radial compression testing of tracheal scaffolds and native trachea. a) Photographs of the dry TSF1.0 under a compressing and releasing cycle.
Compressive stress–strain curves of the TBS b), dry TSF1.0 c), wet TSF1.0 d), and native trachea e) under different cycles in the compressive fatigue
test (𝜖 = 50%) (n = 5). The maximum compressive stress f), E g), and elastic recovery rate h) of the scaffolds in the first compressing test (n = 5). The
history of i) maximum stress and j) stress loss as a function of compressive test cycles (50 cycles). *p = 0.05.

to be better candidates in terms of the cell infiltration and struc-
tural stability.

2.6. Preliminary Evaluation of Biocompatibility of Scaffolds In
Vivo

The biocompatibility of TSF1.0 scaffolds was further assessed
after subcutaneous implantation into mice for up to 4 weeks.
TSF1.0 scaffolds maintained their gross appearance and sup-
ported cell infiltration into the scaffolds, establishing good struc-
tural stability and biocompatibility in vivo (Figure 9a‒c). Masson’s

trichrome staining revealed the formation of the collagenous tis-
sues in the outer layers of the scaffolds (Figure 9e,h). The CD31
staining of scaffolds showed the regeneration of blood vessels
(Figure 9f,i).

2.7. Evaluation of Cartilage Formation In Vivo

To discern the regenerative potential of chondrocytes-seeded tra-
cheal patches in vivo, TSF0.5, TSF1.0, and TSF1.5 patches were
implanted subcutaneously in mice for up to 4 and 8 weeks. The
gross view of implants revealed the regeneration of a smooth

Macromol. Biosci. 2022, 22, 2100342 © 2021 Wiley-VCH GmbH2100342 (6 of 14)
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Figure 6. Degradation of scaffolds in vitro. Remaining mass of scaffolds after degradation for up to 12 weeks in vitro a). Macroscopic appearance of dry
TSF1.0 b) and wet TSF1.0 c) after degradation for up to different time points. d) SEM images of scaffolds after degradation. *p = 0.05. Scale bar, 200 μm
(TBS) and 60 μm (TSF1.0).

surface of the cartilage-like tissues (Figure 10a). H&E staining
showed that the chondrocytes progressively infiltrated into scaf-
folds, which became further evident 8 weeks after implantation
(Figure 10b). Meanwhile, the fibers gradually degraded and re-
placed by the growing cells. The explanted scaffolds also showed
the deposition of cartilaginous ECM as shown by the Safranin-O
(Figure 10c) and collagen type II (Figure 10d) staining 4 and 8
weeks after implantation. Collectively, these results indicate that
these scaffolds may have broad implications for tracheal regener-
ation applications.

3. Discussion

Tracheal degeneration may lead to several complications affect-
ing the life-style of an individual, which necessitates the de-
sign of tracheal scaffolds for tissue reconstruction. While tissue-
engineered tracheal scaffolds possess great potential for the re-
placement of defected tracheal tissues, fabricating a suitable tra-
cheal candidate mimicking the NT structurally and functionally
still faces numerous challenges.[3,24] Fabrication techniques, such
as electrospinning and 3D printing can be exploited to fabri-
cate tracheal scaffolds.[25] However, tracheal scaffolds fabricated

from each of these techniques face several limitations; electro-
spun nanofibers exhibit compact structure, which may impede
the diffusion of nutrients and oxygen as well as the infiltration of
cellular components and tissues into scaffolds.[26] While different
types of postmodification approaches have been put forwarded
to improve the porosity and pore size of electrospun scaffolds,
they may compromise the physical properties of scaffolds.[27] In
this study, we prepared hybrid tracheal scaffolds assembling 3D
printed planar scaffolds and short nanofibers aerogel; the aero-
gel could closely mimic the tracheal microenvironment as well
as confer biocompatibility to the tracheal scaffolds.[23] The tubu-
lar scaffold possessed similar mechanical behavior as that of the
NT. Aerogel, as a main component of the tracheal scaffolds, plays
a vital role imparting the biocompatibility to the scaffolds.

The uniform nanofibers were prepared by electrospinning and
short nanofiber dispersions were obtained by homogenization
(Figure 11a). To determine the appropriate pore size of aero-
gel conducive for cell growth and optimize the structural stabil-
ity of tracheal scaffolds, we fabricated aerogels containing three
different concentrations of short nanofiber dispersions (0.5–1.5
wt%). The pore diameter and volume shrinkage of tracheal scaf-
folds decreased with an increase in the concentration of the

Macromol. Biosci. 2022, 22, 2100342 © 2021 Wiley-VCH GmbH2100342 (7 of 14)
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Figure 7. Evaluation of biocompatibility of scaffolds in vitro. Hemolysis ratio a) and cell seeding efficiency b). Proliferation of chondrocytes on scaffolds
for up to 1, 3, and 7 days c). Live/dead staining assay d) and SEM images e) of chondrocytes cultured on scaffolds for up to 3 and 7 days (live and dead
cells were stained in green and red, respectively). *p = 0.05. Scale bar, 200 μm d) and 60 μm e).

short nanofibers. The short nanofibers aerogels of tracheal scaf-
folds exhibited fibrous structure, displayed high porosity, and
low density, mimicking the architecture of the native ECM.[28]

Furthermore, the aerogel of tracheal scaffolds possessed inter-
connected and hierarchically-structured pores with sizes rang-
ing from sub-micrometers to ≈200 nm (Figure 1i‒k), which may
have significant impact on the nutrients diffusion, cellular pro-
liferation and migration, and tissue formation.[29,25] In addition,
the aerogels exhibited excellent water absorption even after re-
peated cycles (Figure 3d,e), which may be very beneficial for
the hydrophilicity of scaffolds as well as for cell adhesion and
growth.[30,26]

Different types of techniques can be employed to fabricate tra-
cheal scaffolds, such as 3D printing, electrospinning, and salt-
leaching.[12,31] 3D printing can help design customized scaffolds,
while electrospinning can help realize the nano- and microfibers
with tunable diameter and porosity.[32,33] Herein, we simultane-
ously leveraged 3D printing and electrospinning to fabricate pla-
nar scaffolds and short nanofibers aerogels, respectively, which
were subsequently assembled into tubular tracheal scaffolds. It
is envisioned that the 3D printed planar scaffolds may impart
structural integrity to the tracheal scaffolds, while the SF aero-
gels can enhance cellularization as well as tissue regeneration

into scaffolds. It is noteworthy to mention here that, while, the
tubular scaffolds can be directly fabricated by 3D printing, which
is a more convenient method, it however, may require sophis-
ticated experimental infrastructure.[34,35] Consequently, we have
fabricated planar scaffolds and then performed thermoforming
to afford tubular shapes. Parallelly, the scaffolds could be mod-
ified with the PCL/Gel dispersion by thermally-induced phase
separation. Our rational of employing electrospinning was to af-
ford short nanofibers, which can then be homogenously mixed
with the scaffolds. Since electrospun nanofibers exhibit ECM-like
morphology, we foresee that the modification of scaffolds with
the short nanofibers may help recapitulate some of the features
of the ECM.[36,37]

Our results displayed that the length of the TSF1.0 was sim-
ilar to that of the NT, while the layer thickness and diameter of
TSF1.0 were higher than that of NT due to the incorporation of
aerogels. Previous studies reported that the layer thickness and
diameter of tracheal implants around 0.8–1.5 and 6.5–10.0 mm,
respectively were acceptable for in vivo implantation of tracheal
scaffolds.[3,38,31] Therefore, the layer thickness (1.25 mm), inner
luminal diameter (6.98 mm), and outer diameter (9.48 mm) of
TSF1.0 did not exceed the acceptable range of tracheal scaffolds
(Table 1).[38,39]

Macromol. Biosci. 2022, 22, 2100342 © 2021 Wiley-VCH GmbH2100342 (8 of 14)
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Figure 8. Gross view and histological analysis of cell-seeded tracheal scaffolds in vitro. Macroscopic appearance of TSF0.5 a), TSF1.0 b), and TSF1.5
c). H&E staining of TSF0.5 d,g), TSF1.0 e,h), and TSF1.5 f,i) at day 7. Red arrows indicate chondrocytes. (S = solid line of tubular scaffold). Scale bar,
500 μm d‒ f) and 100 μm g‒i).

Native trachea is subjected to external pressures from the sur-
rounding tissues, so the mechanical properties of the tracheal
scaffolds are a critical indicator of whether they can be used
for tracheal reconstruction in vivo.[19] Accordingly, tracheal scaf-
folds should withstand tensile stresses resulting from the tissue
movement.[27,28] To ascertain the potential of tracheal scaffolds
for in vivo implantation, mechanical properties of tracheal scaf-
folds as well as NT were measured. Tracheal scaffolds displayed E
and UTS higher than that of the NT. To avoid the luminal collapse
due to a higher external pressure than that of the internal luminal
pressure, the radial compression tests were also carried out.[27,39]

Tracheal scaffolds as well as NT preserved the maximum stress
value with minimum stress loss after 50 cycles of compression at
50% strain (Figure 5i,j). Furthermore, Young’s moduli and elastic
recovery rate of TSF1.0 closely matched to those of the NT in the
wet state, indicating that the composite scaffold could be compa-
rable to the radial load-bearing capacity of NT (Figure 5g,h).[40]

Some problems, such as tracheal softening, collapse, and
restenosis during the tracheal regeneration require to be pre-

vented and a reasonable degradation rate of scaffolds compa-
rable to the tissue regeneration is required for an effective tis-
sue repair.[17] Although SF1.0 aerogels showed degradation as
earlier as 2 weeks, PCL accounted for the remaining mass of
TSF1.0 which may require a prolonged degradation period un-
til the complete regeneration of the neo-trachea (Figure 6a).[34,36]

Furthermore, the morphology of aerogels in the tracheal cross-
section of TSF1.0 did not substantially alter even after 12 week
in vitro, which may afford a stable microenvironment and me-
chanical support as well as cell growth for tracheal regeneration
(Figures 6d and 7c).[20]

Biocompatibility is one of the fundamental requirements for
the application of biomaterials in tissue engineering.[41] Tracheal
scaffolds displayed a low hemolysis ratio, which may have im-
plications for constructing blood-contacting devices (Figure 7a).
Besides, TSF1.0 and TSF1.5 scaffolds exhibited better cell seed-
ing efficiency than that of the TSF0.5 scaffolds, which may be
attributed to the more content of collagen in these scaffolds as
well as an appropriate pore size of aerogels in the wet state.[42]

Macromol. Biosci. 2022, 22, 2100342 © 2021 Wiley-VCH GmbH2100342 (9 of 14)

 16165195, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

abi.202100342 by D
onghua U

niversity, W
iley O

nline L
ibrary on [23/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.mbs-journal.de

Figure 9. Histological and immunohistochemical analysis of TSF1.0 scaffolds after subcutaneous implantation in mice for up to 4 weeks. H&E staining
a,d,g), Masson’s trichrome staining (arrows indicating toward the area with the collagen deposition) b,e,h), and immunofluorescence staining for CD31
(CD31+ cells and nuclei were stained in red and blue color, respectively) c,f,i). Scale bar, 2 mm a‒c), 400 μm d‒f), and 200 μm g‒i).

Figure 10. Gross view and histological analysis of chondrocyte-seeded tracheal patches after subcutaneous implantation in nude mice for up to 4 and
8 weeks. Gross view of TSF0.5 patch, TSF1.0 patch, and TSF1.5 patch 4 and 8 weeks after implantation a). Histological analysis of scaffolds by H&E b),
Safranin-O c), and collagen type II d). Scale bar, 200 μm b‒d).

Macromol. Biosci. 2022, 22, 2100342 © 2021 Wiley-VCH GmbH2100342 (10 of 14)
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Figure 11. Schematic illustration of the fabrication of tracheal scaffolds a), the fabrication of short nanofibers b), and the fabrication of tracheal patches
c).

Evaluation of cytocompatibility further demonstrated that the tra-
cheal scaffolds could promote the adhesion, proliferation, and in-
filtration of chondrocytes (Figure 7c‒e). Moreover, from the H&E
staining results, cell infiltration was observed in all of the tra-
cheal scaffolds (Figure 8g‒i); the depth of the cell infiltration was
higher in TSF0.5 and TSF1.0 scaffolds than that of the TSF1.5,
which may be ascribed to their porous structure.[43]

Vascularization and chondrification are also good indicators
for the regeneration of the tracheal defects.[13] Thus, we further
investigated structural stability, biocompatibility, and vascular-
ization of TSF1.0 scaffolds in vivo, which confirmed that they
could maintain their initial appearance, promote cell growth, im-
prove collagen deposition, and support new blood vessel forma-
tion, which may have implications for the remodeling of tra-
cheal scaffolds upon implantation (Figure 9). As for the chon-
drification in vivo, we adopted a previously established strategy
by implanting patch-type tracheal scaffolds to evaluate cartilage
regeneration.[44] The results indicated that the patch scaffolds
could form cartilage-like tissue with an increase in the culture
time to achieve chondrification in vivo (Figure 10). These results
demonstrate that the fabrication of tracheal scaffolds with stable
mechanical properties and adequate biocompatibility could be a
promising approach for tracheal regeneration.

Taken together, our approach of leveraging 3D printing,
electrospinning, and thermoforming represents an innovative
paradigm which may have broad implications for tracheal regen-
eration by providing mechanical properties comparable to the na-
tive aorta and a biomimetic ECM-like structure. Whereas encour-
aging results are obtained in this project, several limitations still
need to be addressed, such as inducing regeneration, cartilage
growth, vascularization, and epithelialization.[13] First, the ep-
ithelialization of tracheal implants is a crucial indicator to achieve

the early functioning of the neo-trachea, which warrants further
evaluation of the biocompatibility of tracheal scaffolds.[32,33] Sec-
ond, growth factors can be installed into tracheal scaffolds and
the microarchitecture can be improved to promote cellular activ-
ity and cartilage regeneration.[45,42] Third, we evaluated the bio-
compatibility of tracheal scaffolds in a subcutaneous implanta-
tion model, which however, does not accurately mimic the tra-
cheal microenvironment. Therefore, further studies should seek
to investigate the optimization of the structure, tissue regenera-
tion and functional restoration after implantation of tracheal scaf-
folds.

4. Conclusions

In summary, this study reports tracheal scaffold based on 3D
printed planar scaffolds and electrospun short nanofibers aero-
gels. The 3D-printed planar scaffolds confer mechanical charac-
teristics to maintain the structural stability of tracheal scaffolds
and short nanofibers aerogel mimic the native ECM-like struc-
ture of the trachea to realize the tracheal regeneration. Tracheal
scaffolds containing SF aerogels (1.0 wt% of nanofibers) exhib-
ited mechanical properties similar to that of the native trachea
as well as a reasonable degradation rate to afford a stable mi-
croenvironment for tissue regeneration. Biocompatibility results
displayed that tracheal scaffold possessed a suitable cell seeding
efficiency, good hemocompatibility, as well as potential to pro-
mote cell growth and neo-tissue formation. Evaluation of carti-
lage formation and biocompatibility in vivo further indicated that
tracheal scaffolds could improve collagen accumulation, support
new blood vessel formation, and accomplish the cartilage regen-
eration. Therefore, the strategy of engineering tracheal scaffolds
by assembling different fabrication techniques and incorporating

Macromol. Biosci. 2022, 22, 2100342 © 2021 Wiley-VCH GmbH2100342 (11 of 14)
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short nanofibers aerogels may have broad implications for tissue
engineering applications.

5. Experimental Section
Materials: Gelatin (Gel, 48722-500G-F) was purchased from MP

Biomedicals, LLC (Shanghai, China). Poly (L-lactic acid) (PLLA, Mn =
300 kDa) was provided by Medprin Regenerative Medical Technologies
Co., Ltd (Shanghai, China). Polycaprolactone (PCL, Mn = 80 kDa) was ob-
tained from Jinan Daigang Biomaterial Co., Ltd (Jinan, China). Glutaralde-
hyde and tert-butanol were purchased from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was
purchased from Shanghai Darui Fine Chemical Co., Ltd (Shanghai, China).
Chondrocytes were isolated from the auricular cartilage of New Zealand
white rabbits. All other chemicals were of analytical grade and used with-
out any further purification.

Fabrication of 3D Printed Tracheal Scaffolds—Preparation of Short
Nanofiber Dispersions: To prepare SF dispersions, about 2 g of PLLA and
Gel (2:8 w/w) were dissolved in 20 mL of HFIP until the clear solution was
obtained (Figure 11a). Following electrospinning conditions were used to
afford nanofibrous membranes: voltage, 12 kV, flow rate, 2.5 mL h−1, and
distance between the spinneret and collector, 10–15 cm. Membranes were
dried under vacuum. About 0.5, 1.0, and 1.5 g of membranes were cut into
small pieces (0.5 × 0.5 cm2) and dispersed into 100 mL of tert-butanol by
using a homogenizer (IKA T18, Germany) for up to 10 min at 8000 rota-
tions per minute (rpm) to afford 0.5%, 1.0%, and 1.5% of short nanofibers,
respectively.

Preparation of Tubular Scaffolds: To prepare TBS, first, the planar scaf-
fold was obtained by 3D printing of PCL, which involved the nozzle-moving
rate of 1.2–1.5 mm s−1, the extrusion rate of 0.01–0.015 mm s–1, the print-
ing temperature of 75 °C, the strand angle of the second layer of 65°,
and the strand width of 1.0 mm. Then, the planar scaffolds were curled
and mounted on the fixed axis of the required diameter by using a metal-
binding wire for fixation. Subsequently, the fixed axis with curled planar
scaffold was heated for up to 75 °C for 20 min and then placed at −80 °C

for up to 1 h to afford the gap-shaped tubular scaffold. Finally, the PCL
strand was printed to fill the gap of the tubular scaffolds (Figure 11b).

Preparation of Tracheal Scaffolds: To prepare tracheal scaffolds, the
tubular scaffolds were placed into a mold. Afterward, the uniform disper-
sion of short nanofibers was poured into the mold, frozen at −80 °C for
up to 4 h, and then freeze dried for up to 48 h to achieve tracheal scaf-
folds. The tracheal scaffolds were crosslinked by glutaraldehyde for up
to 6 h to achieve structural stability (Figure 11c).[46] The tracheal scaf-
folds impregnated with the SF0.5, SF1.0, and SF1.5 nanofiber aerogels
were designated as TSF0.5, TSF1.0, and TSF1.5, respectively. For the in
vivo assessment of the biocompatibility, the tracheal scaffolds in the form
of a patch were designed, which consisted of an aerogel-planar scaffold-
aerogel. Tracheal patches containing 0.5%, 1.0%, and 1.5% of SF were
represented as TSF0.5 patch, TSF1.0 patch, and TSF1.5 patch, respectively
(Figure 11d). Besides, to evaluate SF aerogels, the equal volume of short
nanofiber dispersions was poured into 48-wells cell culture plate, freeze-
dried, and crosslinked by glutaraldehyde to afford SF0.5, SF1.0, and SF1.5
aerogels, respectively.

Characterization—Morphological Analysis: Nanofibers and tracheal
scaffolds were sputter-coated with gold and their morphology was dis-
cerned by SEM (Hitachi TM-1000, Japan) at an accelerating voltage of 5 kV.
Short nanofibers were dispersed in ethanol and observed by optical mi-
croscope. The length, layer thickness, and diameter of the native trachea
(NT), TBS, dry TSF1.0, and wet TSF1.0 (n = 5) were measured by a vernier
caliper.

Porosity of Scaffolds: The porosity (p) of SF0.5, SF1.0, and SF1.5 aero-
gels was calculated by Equation (1).[47] The weight of the sample was mea-
sured in the dry state and recorded as w0. The sample was then transferred
to the ethanol for complete immersion and the weight was recorded as w1
(n = 5)

p = (w1 − w0) ∕ (𝜌 × v) (1)

The porosity of tracheal scaffolds was calculated by Equation (2) as fol-
lows

p = (w1 − w0) ∕ [𝜌 × (v2 − v1)] (2)

Where 𝜌 and v represented the density of the ethanol and volume of
sample, respectively. The v1 and v2 represented the volume of the inner
and outer sides of tracheal scaffolds, respectively.

Density of Scaffolds: The density (𝜌) of the SF0.5, SF1.0, and SF1.5
aerogels was calculated by Equation (3) (n = 5).[48] by using Equation (3)

𝜌 = m∕v = (4m) ∕
(
d2h

)
(3)

The density of the TBS and TSF1.0 was measured by using Equation 4
(n = 5)

𝜌 = m∕v = (4m) ∕(d1 − d2)2h (4)

Where m and v represented the weight and volume of the sample; d and
h indicated the diameter and height of the sample, respectively. The d1 and
d2 represented the outer and inner diameter of the scaffolds, respectively.

Volume Shrinkage Rate: The volume shrinkage rate (S) of SF0.5, SF1.0,
and SF1.5 aerogels was measured by the following method. The volume of
the aerogels was recorded as v0. Then the SF aerogels were transferred to
a vial containing glutaraldehyde vapors for up to 6 h and their volume was
recorded as v1 in the dry state. Afterward, SF aerogels were transferred
to deionized water for up to complete immersion and their volume was
recorded as v2. The volume shrinkage rate of SF aerogels was calculated
by Equation (5) (n = 5)

S = (v0 − vx) ∕v0 (5)

Whereas vx indicates the volume of the aerogels in the dry (v1) or wet
(v2) state.

Water Absorption of Scaffolds: The water absorption capacity (w) of SF
aerogels and TBS1.0 was calculated by Equation (6).[49] First, the mass of
the sample was measured in the dry state and recorded as w0. Afterward,
samples were transferred to deionized water for up to complete immersion
for up to 1, 3, 5, 10, 20, 50, 90, and 120 min. Wet samples were placed on
a paper towel and the excess water was allowed to be drained off. Then
the mass of samples in wet state was measured and recorded as wx. The
percentage of the water absorption was calculated by using Equation (6)
(n = 5)

w = (wx − w0) ∕w0 × 100% (6)

Mechanical Testing—Longitudinal Tensile Test: The longitudinal tensile
test was performed by using a universal testing machine (Instron 3345,
USA) with a 200-N load sensor at a strain rate of 5 mm min−1 at room
temperature until failure (Figure 4a). The TBS and NT samples were tai-
lored to afford a planar shape, and cut along the longitudinal direction
to afford rectangular specimens (30 × 10 mm2). The thickness of the NT
and TBS specimens was 0.83±0.02 and 0.79±0.02 mm, respectively. The
UTS was calculated from the maximum load before failure and the E was
calculated from the linear region of stress–strain curve (n = 5).

Radial Compression Test: The radial cyclic loading-unloading fatigue
compression tests (for up to 50 cycles) of the TBS, dry TSF1.0, wet TSF1.0,
and NT were carried out by using universal testing at a strain rate of
5 mm min−1. The test was stopped as the diameter of the scaffold de-
creased by 50% of its original diameter (n = 5).

Degradation of Scaffolds: The in vitro degradation of TBS, SF1.0 aero-
gel, and TSF1.0 was assessed in phosphate-buffered saline (PBS, pH
= 7.4 ± 0.1). Samples of certain mass (20‒60 mg) represented by W0
were weighed and incubated at 37 °C. At pre-determined time points, the
samples were rinsed with the deionized water 3 times, freeze-dried, and
weighed again to determine the final weight (Wz). The morphology of dried

Macromol. Biosci. 2022, 22, 2100342 © 2021 Wiley-VCH GmbH2100342 (12 of 14)

 16165195, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

abi.202100342 by D
onghua U

niversity, W
iley O

nline L
ibrary on [23/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.mbs-journal.de

samples was observed by optical microscope and SEM. Finally, the remain-
ing mass percentage of the samples was calculated by using Equation (7)
(n = 5)

Remained mass (%) = Wz∕W0 × 100% (7)

Biocompatibility of Scaffolds In Vitro—Hemocompatibility Assessment:
Hemolysis test was used to evaluate the blood compatibility of tracheal
scaffolds. About 5 mL of fresh blood was obtained from New Zealand rab-
bits and centrifuged at 3000 rpm for up to 10 min to obtain red blood cells
(RBCs). After centrifugation, the RBCs pellets were washed with normal
saline three times and then mixed with normal saline (4:5 v/v) to afford
RBCs suspension. Each sample (2×2 mm2) was placed in a new tube and
1 mL of RBCs suspension was added at 37 °C for up to 2 h. After incuba-
tion, the RBCs suspension was taken from each tube and centrifuged at
3000 rpm for up to 10 min. The supernatant was collected and the optical
density (OD) was measured at 540 nm. The normal saline and deionized
water served as negative and positive controls, respectively.[24] The hemo-
compatibility was calculated by using Equation 8 (n = 5)

Hemolysis ratio (%) = [(AT − AN) ∕ (AP − AN)] × 100% (8)

where, AT represented the OD of the sample. AP and AN were the corre-
sponding OD values of positive and negative control groups, respectively.

Cell Seeding Efficiency: Rabbit chondrocytes were cultured in a chon-
drocyte culture medium (containing 79% of DEME/F12 basic medium,
10% fetal bovine serum (FBS), and 1% penicillin/streptomycin solution).
The cell seeding efficiency of the tracheal scaffolds was determined by the
following method.[13] Briefly, chondrocytes suspension (1.0 × 105 cells
mL−1) was evenly seeded onto the tracheal scaffold and the cell number
was recorded as T0. After 4 h of incubation at 37 °C and 5% CO2, the me-
dia from the scaffolds was collected and the cell numbers of media were
counted and recorded as T1. The cell seeding efficiency of the samples was
calculated based on Equation (9) (n = 3)

Cell seeding efficiency (%) = (T0 − T1) ∕T0 × 100% (9)

Cytocompatibility: Rabbit chondrocytes (4 × 104 cells per sample)
were seeded on scaffold for up to 1, 3, and 7 days, and the medium was
changed every other day. Cell-seeded constructs were incubated at 37 °C
in a humidified atmosphere containing 5% CO2. Before cell seeding, the
scaffolds were immersed in 75% ethanol for about 6 h for sterilization. At
pre-determined time points, cell viability and proliferation were examined
by CCK-8 assay and live/dead staining assay, respectively (n = 3). For cell
proliferation assay, CCK-8 assay kit (Yeasen, Shanghai, China) was used.
Samples were washed with PBS for up to three times and incubated with
the 200 μL of the assay solution in serum-free medium (DMEM: CCK-8,
9:1 v/v). After incubation for up to 1 h at 37 °C, 100 μL of the suspension
was transferred into a 96-well plate to measure the absorbance (450 nm).
For live/dead staining of scaffolds at day 3 and 7, the aforementioned scaf-
folds seeded with chondrocytes were stained with a live-dead cytotoxicity
assay kit (MesGen Biotechnology, Shanghai, China) and then observed
by confocal laser scanning microscopy (CLSM, Carl Zeiss LSM700, Jena,
Germany). The morphology of chondrocytes seeded on scaffolds was an-
alyzed by SEM at day 3 and 7. The cell-seeded scaffolds were subsequently
rinsed with PBS and fixed by 4% paraformaldehyde (PFA) and stored at 4
°C for up to 2 h. Finally, the scaffolds were dehydrated with graded ethanol
series and sputter-coated with gold for up to 45 s at a current of 5 mA.

Cell Infiltration: Cell infiltration into scaffolds was examined by using
H&E staining following a previous method.[12] For H&E staining, the cell-
seeded scaffolds were harvested and fixed in 4% PFA at day 7. Afterward,
constructs were dehydrated and embedded into paraffin for sectioning.
The cross-sectional specimens were stained with H&E and observed by
microscope (TS100, Nikon, Japan).

Performance of Scaffolds In Vivo—Preliminary Evaluation of the Biocom-
patibility of Scaffolds In Vivo: 1-month-old Balb/c nude mice were ob-
tained from the Shanghai Institute of Materia Medica, Chinese Academy
of Sciences, Shanghai, China, and animal experiments were approved by

the Ethics Committee of Shanghai Pulmonary Hospital, Shanghai, China.
Mice were anesthetized by an intraperitoneal injection of 0.3 mL of 1%
pentobarbital sodium and the skin was excised. Each animal received one
TSF1.0 scaffold subcutaneously. Scaffolds were retrieved after 4 weeks,
and subjected to H&E staining, Masson’s trichrome staining, and CD31
staining. All of the staining results were collected by microscopy (TS100,
Nikon, Japan) (n = 3).

Evaluation of Cartilage Formation in Vivo: To further elucidate the bio-
compatibility of scaffolds in vivo, tracheal patches were prepared as de-
scribed in section titled “Preparation of tracheal scaffolds”.[13] Then the tra-
cheal patches were seeded with chondrocytes (1.0 × 108 cells per sample)
and cultured in vitro for up to 1 week, followed by the subcutaneous im-
plantation into nude mice for up to 4 and 8 weeks. At predetermined time
points, scaffolds were explanted, fixed in 4% PFA and subjected to section-
ing. Explanted scaffolds were stained with H&E, Safranin-O, and collagen
type II staining.

Statistical Analysis: All data were collected from at least three indepen-
dent studies and expressed as mean ± standard error of mean (SEM). Stu-
dent’s t-test or one-way analysis of variance (ANOVA) with Tukey’s posthoc
multiple comparisons were used to analyze significance where appropri-
ate. The criteria for statistical significance were *p < 0.05.
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