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A B S T R A C T

Tissue engineering strategies hold promise for constructing biomimetic tracheal substitutes to repair circum
ferential tracheal defects. However, current strategies for constructing off-the-shelf cartilage analogs for artificial 
trachea grafts face challenges of chondrocyte scarcity and inadequate culture strategies, which require extensive 
cell expansion and prolonged in vitro culture to generate robust neo-cartilage. To address these issues, we 
developed a nanofiber-hydrogel composite with superior mechanical performance by incorporating fragment 
oxidized bacterial cellulose (BC) nanofibers into a gelatin methacryloyl (GelMA) hydrogel network. Additionally, 
a biomaterial system was developed based on this composite, featuring dual-release functionality of fibroblast 
growth factor (FGF) and transforming growth factor beta (TGF-β) to facilitate step-wise maturation of neo- 
cartilage tissue. This process includes early-stage proliferation followed by second-stage extracellular matrix 
(ECM) deposition, driving the transition from proliferation to chondrogenesis. By encapsulating chondrocytes 
within the biomaterial system, mature neo-cartilage tissues with typical cartilage lacunae structures and abun
dant homogeneous cartilage-specific ECM deposition were successfully regenerated in vitro and in vivo. 
Furthermore, with a tailor-made growth factor-releasing strategy, the biomaterial system with low cell seeding 
density achieved biochemically and biomechanically functional neo-cartilage tissue regeneration, comparable to 
that achieved with high cell seeding density in the nanofiber-hydrogel composite. Based on the current 
biomaterial system, mature and functional cartilage-ring analogs were successfully constructed and applied to 
repair tracheal defects. Overall, the biomaterial system developed in this study provides a promising strategy for 
engineering transplantable, high-quality cartilage substitutes, with translational potential for artificial trachea 
construction.
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1. Introduction

Tracheal reconstruction surgery is commonly required for circum
ferential tracheal defects caused by tracheal injury, benign tracheal 
stenosis, or tracheal tumors [1]. However, primary end-to-end anasto
mosis is not feasible when circumferential tracheal defects account for 
more than 50 % of the tracheal length in adults or 30 % in infants [2]. 
Therefore, there is a need to construct an ideal artificial tracheal sub
stitute for treating long-segment tracheal injuries. Several types of 
tracheal grafts have been used to provide airway conduits, including 
artificial prostheses, decellularized tracheas, and tissue-engineered 
tracheal constructs [3,4]. As a tissue-derived graft, the decellularized 
tracheal graft has long been considered the most effective method; 
however, donor tissue availability and immunogenicity limit its appli
cation. In contrast, synthetic tissue-engineered trachea grafts (TETG) 
have immense potential to provide an “off-the-shelf” substitute for 
tracheal replacement [5]. Moreover, preparing a tracheal cartilage 
component with excellent mechanical support to maintain airway 
patency is an essential prerequisite for constructing a TETG [6].

Owing to their good biocompatibility, tunable mechanical proper
ties, and three-dimensional (3D) polymeric networks, hydrogels have 
been widely used to encapsulate cells and construct tracheal cartilage 
analogs. Particularly, gelatin methacryloyl (GelMA) hydrogels have 
been widely used in cartilage tissue engineering because their properties 
resemble those of the natural extracellular matrix (ECM) [7]. However, 
the weak mechanical strength of GelMA hydrogel makes it unsuitable for 
load-bearing cartilage replacements. The suboptimal mechanical prop
erties of hydrogels necessitate prolonged in vitro culture to generate 
primary cartilaginous tissues with adequate mechanical performance to 
maintain morphological fidelity and structural stability [8]. Native 
cartilage can be regarded as highly hydrated hydrogel tissue with a 
frame structure based on collagen nanofibers. The superior mechanical 
properties of natural cartilage tissue are intrinsically related to its 
distinctive physiological structure. However, most current hydrogels 
only resemble the non-fibrous part of the native cartilage ECM [9]. It can 
be presumed that the lack of a nanofiber network resembling native 
collagen compromises the mechanical properties of the hydrogel. Pre
vious studies have successfully incorporated nanofibrillated cellulose 
(NFC) into alginate hydrogels as reinforcing fibers to enhance their 
structural integrity and mechanical performance, validating the above 
hypothesis [10]. Therefore, introducing a nanofiber structure can 
greatly improve the mechanical properties of GelMA hydrogels, holding 
the possibility to achieve the rapid construction of artificial tracheal 
cartilage substitutes for subsequent in vivo transplantation [11].

Although nanofiber-reinforced hydrogels exhibit satisfactory me
chanical properties, achieving robust chondrocyte proliferation and 
stable lineage function in a 3D hydrogel culture environment to form 
high-quality, homogeneous cartilaginous tissue remains an unmet goal 
in cartilage tissue engineering [12]. Improved regeneration of cartilag
inous tissues based on the current hydrogel system still relies on a high 
input of chondrocytes and an extended period of chondrogenic induc
tion [13]. Thus, developing a tailor-made strategy to maximize the po
tential of a limited number of chondrocytes for the regeneration of 
functional cartilage tissue is essential. Previous studies have shown that 
a combination of different growth factors, especially transforming 
growth factor beta (TGF-β) and fibroblast growth factor (FGF), can 
reduce the doubling time of proliferated chondrocytes and shorten the 
maturation stage for chondral lineage-specific differentiation [14,15]. 
However, current bioengineering strategies selectively supplement 
exogenous cytokines during in vitro culture processes to accelerate 
chondrocyte expansion or tissue maturation without precisely regu
lating cell behavior with growth factors at different stages of cartilage 
tissue regeneration [14]. A fully defined, tailor-made culture strategy is 
needed for the generation of high-quality tracheal cartilaginous grafts 
based on a cartilage-inspired nanofiber-GelMA hydrogel composite.

Bacterial cellulose (BC), as a natural nanofiber material, possesses 

exceptional mechanical strength and biocompatibility and has been 
successfully applied in cartilage tissue engineering in our previous 
studies [16,17]. Therefore, BC nanofibers have the potential to serve as 
the fibrous component of nanofiber-hydrogel composites. However, the 
chemical inertness and nonbiodegradability of BC greatly limit its 
application in tissue engineering. In recent years, various oxidation 
modification methods have been used to improve the degradability and 
surface functionalization of BC, paving the way for the use of BC 
nanofibers to enhance hydrogel properties [18]. In addition, oxidized BC 
(OBC) nanofibers contain aldehyde functional groups, which help for 
loading the biofunctional compounds on the surface of OBC nanofibers 
and realizing the controllable release. Therefore, incorporating OBC 
nanofibers into hydrogels promises enhanced mechanical properties and 
the development of new culture strategies.

In this study, we developed a novel bioengineering strategy to 
construct a nanofiber-hydrogel composite with robust proliferation and 
stable lineage function for tissue-engineered tracheal cartilage regen
eration (Scheme 1). The introduction of OBC nanofibers not only 
significantly improved the mechanical properties of GelMA hydrogels 
but also facilitated the precise orchestration of cell programs through 
sequential growth factor release. Chondrocyte proliferation, chondral- 
lineage differentiation, and ECM production within the nanofiber- 
hydrogel composite were examined. Finally, using this nanofiber- 
hydrogel composite, a cartilage analog was developed to provide an 
off-the-shelf high-performance graft for tracheal cartilage regeneration, 
biomimetic artificial tracheal graft construction, and tracheal defect 
repair.

2. Materials and methods

2.1. Fabrication of OBC nanofibers and TGF-β modified fragmented OBC 
nanofibers

BC was produced by incubating Komagataeibacter xylinus X-2 in 
static culture for 7 days. 2,2,6,6-Tetramethylpyperidin-1-oxyl (TEMPO) 
oxidized BC nanofibers were prepared as previously described [19]. 
Briefly, BC pellicles (5 g) were added to deionized water (200 mL) 
containing TEMPO (0.05 g) and NaBr (0.5 g) and stirred at room tem
perature. Next, a 10 % NaClO solution was slowly added to initiate 
oxidation, with the reaction pH maintained at 10.5 by adding NaOH 
solution (0.5 M). Oxidation was quenched by adding 5 mL of absolute 
ethanol. The OBC nanofibers were rinsed with deionized water and 
lyophilized at − 50 ◦C for 36 h.

OBC nanofibers (0.1 g) were cut into small pieces and subjected to 
mechanical defibrillation in deionized water (20 mL) using a high-speed 
homogenizer (FJ200-SH; Shuaijia Electron Sci. and Tech. Co., Ltd., 
Shanghai, China) at 13,000 rpm for 30 min to obtain fragmented short- 
length OBC (sOBC) nanofibers. The TGF-β solution was prepared by 
dissolving 50 μg of TGF-β in the 5 mL of 2-(n-morpholino)ethanesulfonic 
acid (MES) buffer. Subsequently, sOBC nanofibers (0.015g) were 
immersed in the TGF-β solution for 24 h at 25 ◦C. The obtained TGF-β 
modified sOBC (sOBC@TGF-β) nanofibers were washed with deionized 
water and stored at 4 ◦C.

2.2. Preparation of nanofiber-reinforced hydrogel composite

GelMA was dissolved in phosphate-buffered saline (PBS) (pH =
7.2–7.4) to prepare a 10 wt% precursor solution. The photo-initiator 
lithium phenyl-2,4,6-trimethyl-benzoyl phosphonate (LAP) with a con
centration of 0.25 % was added to the solution. After agitation, homo
geneous sOBC nanofibers with a concentration of 0.1 % were added and 
stirred for 2 h in the dark. The suspension solution was transferred into a 
mold with 365 nm ultraviolet (UV) light irradiation for 30 s. Four 
different hydrogel groups were established. The BG group represented 
GelMA hydrogel with sOBC nanofibers. In the case of BGF group, FGF at 
a concentration of 10 ng/mL was directly added to the sOBC nanofibers 
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incorporated GelMA hydrogel before gelation. The BTG group repre
sented GelMA hydrogel with sOBC@TGF-β nanofibers, whereas the 
BTGF group represented the nanofiber-hydrogel composite containing 
FGF and TGF-β growth factors.

2.3. Characterization of nanofibers and hydrogels

The samples of different hydrogels were prepared by freeze-drying at 
− 40 ◦C for 48 h. Before the observation, the sections of the samples were 
cut and affixed to the electron microscope stage with conductive adhe
sive. The surface morphology of the material was examined using 
scanning electron microscopy (SEM, Nova Nano SEM 450, FEI Company, 
Oregon, USA) with an acceleration voltage of 10 kV following gold 
spraying for 30 s. The fiber diameter, length, and average pore size were 
measured using image analysis software (Nano Measurer 1.2, China). 
The chemical compositions of the samples were characterized using a 
Fourier transform infrared spectrometer (FTIR Spectrum II, PerkinElmer 
Inc., Massachusetts, USA). All spectra were obtained between 400 and 
4000 cm− 1 at a resolution of 4 cm− 1. The crystalline structure was 

characterized by X-ray diffraction (XRD, D8 ADVANCE, Bruker-Tech 
Co., Ltd., Karlsruhe, Germany).

2.3.1. Rheological testing of hydrogels and nanofiber-hydrogel composite
Rheological testing was performed to analyze the photosensitive 

properties of the nanofiber-reinforced hydrogel composite, following to 
a previous study [20]. The in situ photorheology was performed using a 
rotational rheometer (HAAKE MARS 360) at an angular frequency of 5 
rad s− 1 and 1 % strain to test the photosensitive properties of the 
hydrogel. The hydrogel samples were loaded at 37 ◦C for 18 s, followed 
by 20 s of UV light irradiation. After irradiation ceased, measurements 
continued for another 22 s. The storage modulus (G′) and loss modulus 
(G″) of the hydrogel samples were measured at a frequency of 1 Hz.

2.3.2. Swelling performance of hydrogels and nanofiber-hydrogel composite
To measure the swelling rate of samples, pregel solutions (500 μL) 

were injected into cylindrical molds and polymerized under UV light for 
30 s. The samples were dried and weighed (recorded as W0). The sam
ples were then immersed in 5 mL of PBS (pH = 7.2–7.4) at 37 ◦C until 

Scheme 1. Overview of the study. Schematic illustrating the neo-cartilage regeneration and biomimetic artificial tracheal grafts construction by the nanofiber- 
hydrogel composite. (A) The construction of nanofiber-hydrogel composite with superior mechanical performance and dual-release functionality of growth fac
tors. (B) Representative biological events during the regeneration of neo-cartilage tissue by the nanofiber-hydrogel composite. (C) Construction of tissue-engineered 
biomimetic trachea and repair of segmental tracheal defects by the regenerated neo-cartilage tissue.
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equilibrium was reached, and their weight changes were measured at 
different time points (recorded as W1). The swelling rate was calculated 
as follows: 

Swelling rate (%) = ([W1-W0])/W0 × 100%.                                        

2.3.3. Water retention of hydrogels and nanofiber-hydrogel composite
The initial weight of the samples was recorded as W0. The samples 

were then left in the air at 37 ◦C, and their weight (Wt) was measured at 
different time points. The water retention rate at time t was calculated 
using the following equation: 

Water retention rate (%) = ([W0-Wt]/W0) × 100%.                             

2.3.4. Analysis of mechanical properties
To evaluate the mechanical properties, the samples were molded into 

cylinders with a diameter of 10 mm and a height of 12 mm. The 
compressive properties of the samples were tested using a compression 
testing machine with a 100 N loaded sensor (MUF-1050, Tianjin Care 
Measure and Control Co., Ltd., Tianjin, China) at a compression rate of 5 
mm/min. Repeated compression tests, as an anti-fatigue assay, were 
performed 1000 times at a strain ratio of 50 %.

2.4. Release profiles of FGF and TGF-β

The nanofiber-hydrogel composites were placed in test tubes con
taining 1 ml of PBS. The tubes were incubated in a shaking bath at 30 
rpm and 37 ◦C. At each time point, the supernatants were collected and 
replaced with an equal volume of fresh PBS. The concentrations of FGF 
and TGF-β were measured using an enzyme-linked immunosorbent 
assay (ELISA) kit, according to the manufacturer’s instructions.

2.5. Isolation and culture of chondrocytes

Rabbit auricular chondrocytes were isolated as previously described 
[16,21]. Briefly, auricular cartilage was minced into 1 × 1 mm2 pieces 
and digested using 0.15 wt% collagenase Type II to obtain chondrocytes. 
Harvested chondrocytes were cultured and expanded in Dulbecco’s 
modified Eagle’s medium (DMEM, Gibco) supplemented with 10 % fetal 
bovine serum (FBS, Gibco) and 1 % penicillin− streptomycin. Chon
drocytes in passage two were used for the following studies.

2.6. Biocompatibility of nanofiber-hydrogel composite

The chondrocytes at a density of 1 × 106 cells/mL were encapsulated 
in different nanofiber-hydrogel composites. After culturing for 1, 5, and 
10 days in vitro, the chondrocyte-hydrogel constructs were removed and 
washed with PBS solution. Then, the Live & Dead staining was per
formed according to the manufacturer’s instructions. Chondrocyte 
proliferation within the hydrogel was evaluated using the Cell Counting 
Kit-8 (CCK-8) assay on days 1, 5, and 10. The optical density at 450 nm 
(OD450) was measured using an automated plate reader.

2.7. Engineering of cell-hydrogel constructs and evaluation of neo- 
cartilage cultured in vitro and in vivo

The chondrocytes were encapsulated in different nanofiber-hydrogel 
composites. The cell seeding density for the BGF, BTG, and BTGF 
hydrogels was 20 million cells/mL. For the BG hydrogel, cell densities of 
20 and 40 million cells/mL were utilized. After hydrogel gelation, the 
cell-hydrogel construct (6 mm diameter and 2 mm height) was gently 
transferred into and submerged in the culture medium. After culturing 
for 5 days, the cell-hydrogel constructs were then cultured in a 

chondrogenic medium as previously described and harvested after 1 and 
4 weeks of in vitro culture [22,23]. For in vivo cartilage regeneration 
evaluation, the constructs were subcutaneously implanted into the 
dorsal flanks of nude mice (4–6 weeks old). After 1 and 4 weeks of im
plantation, the samples were harvested to evaluate cartilage regenera
tion. Tissue constructs for trachea-shaped, ring-like cartilage (10 mm 
external diameter, 6 mm internal diameter, and 1.5 mm height) were 
prepared. In vitro and in vivo cartilage regeneration were performed.

2.8. Histological, biochemical and biomechanical evaluation of 
regenerated cartilage tissue

The harvested constructs were fixed in a 4 % paraformaldehyde so
lution for 24 h, dehydrated, embedded in paraffin, and sectioned at 4 
μm. Sections were stained with hematoxylin and eosin (HE) to identify 
tissue morphology. Safranin-O staining was performed to assess the 
production of proteoglycans within the matrix, whereas Masson’s tri
chrome (MT) staining was used to detect collagen deposition. Type I and 
II collagen staining was performed to evaluate extracellular collagen 
deposition of neo-cartilage tissue. Stained sections were analyzed under 
a microscope. The Bern score was used to evaluate in vitro-engineered 
cartilaginous tissues [24].

The harvested samples were minced to conduct cartilage-related 
biochemical evaluations for glycosaminoglycans (GAG) and total 
collagen, which were quantified using the dimethylmethylene blue and 
hydroxyproline assay kits (Nanjing Jiancheng Bioengineering, China) 
according to the manufacturer’s protocols. The mechanical properties 
were measured using a mechanical analyzer, and the slope of the linear 
stress–strain curve was defined as the compressive modulus [4].

2.9. Regeneration of tissue-engineered trachea in vivo

A tissue-engineered trachea graft was prepared using trachea- 
shaped, ring-like cartilage and a BC macroporous scaffold. The carti
lage and BC rings were stacked alternately on a silicon tube. The tissue- 
engineered trachea was subcutaneously implanted into the dorsal flanks 
of nude mice (4–6 weeks old). After 4 weeks of implantation, the sam
ples were harvested for evaluation of cartilage regeneration.

2.10. Tissue-engineered tracheal graft transplantation in rabbits

All animal care, housing conditions, and experimental protocols 
were strictly in compliance with the Guide for the Care and Use of 
Laboratory Animals of the Shanghai Pulmonary Hospital Ethics Com
mittee, ensuring ethical treatment of the animals and scientific rigor in 
our study. The 6 to 8-week-old New Zealand rabbits were used in our 
study. The rabbits were anesthetized with an intramuscular injection of 
ketamine (5 mg/kg) and inhaled isoflurane. A midline incision was 
made in the anterior neck and the strap muscles were carefully separated 
to create a pocket. A tissue-engineered trachea graft, supported by a 
silicone tube, was subsequently placed into the pocket. Finally, the 
intramuscular pocket and skin incisions were closed. Repair and 
reconstruction of segmental tracheal defects were performed 4 weeks 
after intermuscular implantation of a biomimetic tissue-engineered 
tracheal graft. A median cervical incision was made to expose the tra
chea. The encapsulated tissue-engineered trachea graft was gently 
dissociated from the surrounding tissue to form an integrated segmental 
tracheal organoid unit. During this procedure, the blood supply to the 
trachea grafts had to be preserved. After the removal of the supporting 
silicone tube, both ends of the engineered trachea were trimmed. A 
segment of the native trachea with a length similar to that of the arti
ficial trachea was removed. The tissue-engineered trachea was implan
ted, and an end-to-end continuous anastomosis was circumferentially 
performed to restore the integrity of the trachea. The incisions were then 
closed in layers. The animals were sacrificed at designated time points, 
and the reconstructed trachea was observed grossly and histologically.
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2.11. Statistical analysis

Continuous variables were expressed as mean ± standard deviation 
(SD). Statistical analyses were performed using SPSS software 
(version17.0) and Graphpad Prism 8.0 software. For statistical analysis, 
one-way ANOVA was performed, followed by Tukey’s post-hoc test, and 
statistical significance was indicated by p-values: *p < 0.05, **p < 0.01.

3. Results

3.1. Preparation and characterization of TGF-β modified sOBC 
nanofibers

The preparation process of TGF-β modified fragmented sOBC nano
fibers is shown in Fig. 1A. The diameter of the OBC nanofibers was 
significantly reduced after TEMPO oxidation compared to that of the BC 
nanofibers (Fig. 1B and C, Fig. S1A and B). The OBC nanofibers were 
mechanically homogenized into fragmented sOBC nanofibers to achieve 
more uniform biomolecule loading and distribution within the hydrogel 
solution (Fig. 1D and S1C). Furthermore, TGF-β was loaded on the 
surface of sOBC via a Schiff-base reaction. The chemical characteristics 
of different samples were investigated using FTIR spectroscopy (Fig. 1E). 
The absorption peaks at 3347, 2896, and 1058 cm− 1 corresponded to the 
contraction vibration of the OH group, the stretching vibration peak of 
the C–H bond, and the vibration peak of C–O–C of BC, respectively. For 
the spectra of OBC, the characteristic peak of carbonyl groups appeared 
at 1730 cm− 1, indicating that the BC had been oxidized. The absorption 
at 1656 cm− 1, resulting from the imine band (C=N), verified the for
mation of the condensation reaction between TGF-β and sOBC, con
firming the Schiff-base formation.

The XRD patterns of the samples are shown in Fig. 1F. Three peaks at 
14.1

◦

, 16.5
◦

, and 22.4
◦

can be observed in all the patterns, corresponding 
to the (110), (1ˍ10), and (200) crystal planes of cellulose I crystals. 

Furthermore, the three diffraction peaks of BC become more wider and 
weaker after TEMPO oxidation and TGF-β loading, which indicated the 
reduction of crystallinity. In addition, fluorescence-labeled TGF-β 
loaded on the sOBC nanofiber was visualized using confocal laser 
scanning microscopy (CLSM), suggesting that TGF-β was successfully 
loaded and uniformly distributed on the surface of sOBC (Fig. 1G). 
Therefore, an effective nanocarriers were developed for the loading and 
delivery of functional biomolecules.

3.2. Preparation and characterization of nanofiber-hydrogel composite

To mimic the natural cartilage ECM structure, the homogenized 
sOBC@TGF-β nanofiber was introduced into GelMA hydrogel to obtain a 
mechanically reinforced biomimetic hydrogel. FTIR results demon
strated the successful combination of sOBC@TGF-β nanofiber and 
GelMA (Fig. 2A). Rheological tests were conducted to evaluate the 
photosensitivity of the hydrogel, showing that the sol-to-gel transition of 
the mechanically reinforced biomimetic hydrogel upon UV light irra
diation was unchanged compared with that of the GelMA hydrogel 
(Fig. 2B and C). The results indicated that the BTG hydrogel could 
rapidly crosslink within a short and safe exposure time. The hydrogel 
was further molded into tracheal cartilage rings after UV irradiation 
(Fig. 2D). SEM images showed that the nanofibers were uniformly 
dispersed within the pore walls, and the resulting nanofiber-hydrogel 
composite exhibited a denser structure than the GelMA hydrogel 
(Fig. 2E). The pore size of the BTG hydrogel was smaller than that of the 
GelMA hydrogel (Fig. 2F, Fig. S2A and B). The BTG hydrogel exhibited a 
lower swelling ratio and higher water retention rate owing to the 
introduction of the sOBC nanofibers (Fig. 2G and H). An evenly 
distributed green fluorescence signal was detected within the BTG 
hydrogel, suggesting that the TGF-β modified sOBC nanofibers achieved 
uniform distribution within the GelMA hydrogel (Fig. S2C).

Fig. 1. Preparation and characterization of TGF-β modified sOBC nanofibers. (A) Schematic diagram of the preparation of the TGF-β modified sOBC nanofibers. 
(B–D) SEM images of the BC, OBC, and homogenized sOBC nanofibers. (E) FTIR spectra of BC, OBC, and sOBC@TGF-β nanofibers. (F) XRD patterns of BC, OBC, and 
sOBC@TGF-β nanofibers. (G) CLSM images of TGF-β loaded sOBC nanofibers.
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3.3. Mechanical performance of nanofiber-hydrogel composite

The introduction of sOBC@TGF-β nanofiber not only constructed the 
biomimetic cartilage ECM but also significantly enhanced the elastic 
mechanical behavior of the GelMA hydrogel. The compressive stress–
strain profiles of the hydrogel were tested to investigate the effect of the 
nanofibers on its mechanical properties (Fig. 3A). The mechanically 
reinforced hydrogels exhibited higher stress and strain values than the 
GelMA hydrogel. The GelMA hydrogel underwent severe mechanical 
damage at 70 % strain, whereas the BTG hydrogel withstood higher 
compressive stress and maintained its integrity at 85 % strain. 
Furthermore, the BTG hydrogel exhibited excellent mechanical resil
ience and recovered its original shape without any obvious deformation 
under compression (Fig. 3B). After three stepped compression cycles at 
40, 60, and 80 % strains, the BTG hydrogel maintained its original state 
(Fig. 3C). The maximum stress of the GelMA hydrogel decreased by 
more than 15 %, and obvious cracks appeared on the cylinder after 100 
compression-release cycles at 50 % strain (Fig. 3D). Notably, the BTG 
hydrogel recovered its original shape without obvious plastic deforma
tion or structural damage after 100 cycles, indicating excellent struc
tural stability (Fig. 3E). More importantly, the fatigue performance of 
the BTG hydrogels was evaluated. Fig. 3F indicates that only a 4.5 % 
reduction in compressive stress was observed at 50 % strain after 1000 
cycles. This superb stability can be explained by Fig. 3G, which shows 
that the introduction of sOBC@TGF-β nanofibers further enhances the 

crosslinking effect of GelMA molecular chains. These stress-retention 
behaviors are superior in meeting the requirements for tracheal carti
lage regeneration.

3.4. Evaluation of chondrocyte viability and proliferation in hydrogels

Based on the nanofiber-hydrogel composite, a dual growth factor 
release system was designed to promote cell proliferation and achieve 
optimal differentiation of encapsulated chondrocytes through sequential 
growth factor release (Fig. 4A). FGF was embedded within the GelMA 
hydrogel, followed by incorporation of TGF-β modified sOBC nano
fibers. The release profiles of FGF and TGF-β from the nanofiber- 
hydrogel composite are shown in Fig. S3. A relatively faster release of 
FGF, along with a sustained and slower release of TGF-β, was observed. 
Within 24 h, approximately 60 % of FGF stored in the GelMA hydrogel 
was released, whereas the cumulative release percentage of TGF-β was 
approximately 3 %. By the end of the measurement period, the release 
percentage for TGF-β reached approximately 49 %. Hence, a novel 
bioengineering system was developed to achieve differentiated release 
profiles of FGF and TGF-β for inducing a synergistic effect on cartilage 
regeneration.

Then, the above hydrogel was used as a chondrocyte carrier to form 
cell-hydrogel constructs. Cell viability and proliferation were evaluated 
using Live & Dead staining. A BG hydrogel without growth factors was 
used as the control group. The CLSM images showed that visible 

Fig. 2. Characterization of GelMA hydrogel and nanofiber-hydrogel composite. (A) FTIR spectra of GelMA, sOBC@TGF-β nanofibers, and BTG hydrogel. (B) 
Photosensitivity of GelMA and BTG hydrogel. (C) Digital photographs of the sol-to-gel transition upon UV light irradiation. (D) Digital photographs of the ring-shaped 
hydrogel. (E) SEM images of GelMA and BTG hydrogel. (F) Pore size distribution of GelMA and BTG hydrogel. (G and H) Swelling ratio and water retention rate of 
GelMA and BTG hydrogel.
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fluorescence intensity continuously increased with longer culture time 
and almost no dead cells were detected, indicating that the hydrogel 
exhibited good biocompatibility (Fig. 4B and Fig. S4). The BTGF 
hydrogel group exhibited the highest recorded integrated density of 
green fluorescence after 10 days of culture, indicating a significant in
crease in cell number (Fig. 4C). In addition to the qualitative evaluation, 
chondrocyte proliferation was quantitatively assessed using the CCK-8 
assay. The cell population significantly increased with prolonged cul
ture from 1 to 10 days (Fig. 4D). For the BGF hydrogel, cell numbers 
significantly increased after 5 days, and a similar growth trend was 
noted in the presence of TGF-β, though to a lesser extent. Notably, the 
chondrocytes displayed a significantly higher proliferation rate in the 
BTGF group than in the BTG and BGF groups, indicating the high pro
liferative potential of the cells in the dual growth factor-laden hydrogel.

3.5. Evaluation of cartilage regeneration by nanofiber-hydrogel composite 
in vitro

We conducted an in-depth assessment to determine the potential of 
the nanofiber-hydrogel composite for neo-cartilage regeneration 
through in vitro chondrocyte encapsulation. Chondrocyte seeding den
sities of 20 million (BG-20M, BGF-20M, BTG-20M, and BTGF-20M) and 
40 million (BG-40M) cells/mL were used to evaluate the efficiency of the 
optimal bioengineered hydrogel system to obtain functionally trans
plantable cartilage analogs. After 1 week of cultivation, HE staining 
results showed that chondrocytes in the growth factor-loaded hydrogel 

exhibited significantly higher expression of cartilage ECM than those in 
the control group (Fig. 5A). A similar trend was observed in safranin-O 
staining for GAG, reflecting the levels of cartilage-specific proteoglycans 
and ECM. Compared to the FGF-laden hydrogel, the TGF-β laden 
hydrogel showed partial cartilage with strong positive staining for 
safranin-O. Furthermore, even with considerable GAG deposition in the 
BTGF-20M group, the staining density was relatively lower than that in 
the BG-40M group. Immunohistochemical staining showed that the 
deposition of type II collagen was higher in the BTGF-20M and BG-40M 
hydrogel groups than in the other groups.

After 4 weeks of in vitro cultivation, histological analysis revealed 
that the morphologies of the partial chondrocytes within the hydrogel 
were typical of chondrocytes (Fig. 5B). Safranin-O and collagen staining 
qualitatively reflected time-dependent trends in cartilage-specific ma
trix deposition. Constructs with sole stimulation of FGF or TGF-β pro
duced significantly more GAG content compared to BG-20M hydrogel. 
The sole exposure of chondrocytes to FGF in the BGF-20M hydrogel did 
not significantly affect GAG production, compared with the BTG-20M 
hydrogel group. Compared with those in the BTG-20M and BGF-20M 
groups, more homogenous cartilage-specific ECM deposition and 
chondral tissue maturation were observed in the BTGF-20M and BG- 
40M groups. Furthermore, the collagen immunohistochemical staining 
results were consistent with those of GAG, displaying enhanced type II 
collagen content when exposed to dual growth factor stimulation and 
high cell seeding density. Regenerated neo-cartilage in vitro in all 
hydrogel group showed a limited expression of type I collagen in the 

Fig. 3. Mechanical properties of the nanofiber-hydrogel composite. (A) Stress–strain curve of GelMA and BTG hydrogel. (B) Digital photographs of the BTG hydrogel 
during compression and recovery process. (C) Stress–strain curve of BTG hydrogel under different strains (40, 60, and 80 %). (D and E) 100 times of compressive 
loading–unloading cycle for GelMA and BTG hydrogel. (F) Mechanical performance of BTG hydrogel after 1000 times of compressive loading–unloading cycle. (G) 
Schematic illustration of mechanically reinforced biomimetic hydrogel.
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neo-cartilage body (Fig. S5). Therefore, it can be deduced that the 
synergistic effect of growth factors on cell proliferation and chondro
genesis results in better cartilage regeneration with abundant ECM 
deposition. The Bern score was used to evaluate the quality of in vitro 
engineered cartilaginous tissue (Fig. 5C). The results showed that the 
BTGF-20M group achieved uniform and intensive matrix deposition, 
appropriate cell density with an extensive matrix, and a rounded 
chondrocyte morphology comparable to that of the BG-40M group. 
Consistent with the histological results, quantitative analyses further 
revealed that the engineered cartilage tissue in the BTGF-20M group 
exhibited higher DNA, GAG, and collagen contents than the BG-20M, 
BTG-20M, and BGF-20M groups (Fig. 5D). Although the collagen con
tent in the BTGF-20M group was lower than that in the BG-40M group, 
there was no significant difference in the DNA and GAG content between 
the BTGF-20M and BG-40M groups.

3.6. Evaluation of cartilage regeneration by nanofiber-hydrogel composite 
in vivo

Subcutaneous implantation was performed in nude mice to evaluate 
cartilage regeneration in vivo (Fig. 6A). Almost no obvious cartilage 
tissue was observed in the BG-20M group 1 week after subcutaneous 
implantation (Fig. 6B). In contrast, the addition of FGF or TGF-β growth 
factor within the hydrogel produced more cell populations with 

enriched ECM, although no significant safranin-O and type II collagen 
staining was observed. The constructs in the BTGF-20M group showed 
scattered cartilage islands with positive staining for cartilage-specific 
ECM, whereas tissues in the BG-40M group showed relatively broad 
regions exhibiting cartilage-specific ECM formation.

Four weeks after implantation, a typical lacunae structure was 
observed in the neo-cartilage tissue formed by different hydrogels 
(Fig. S6). The BG-20M group showed dense fibrillar tissue invasion and 
minimal cartilage-specific matrix production, whereas the other four 
groups exhibited robust newly synthesized cartilage matrix that was 
positive for safranin-O and type II collagen, indicating stronger chon
droinductive capabilities (Fig. 6C and Fig. S7). However, the matrix 
deposition was nonuniform in the BGF-20M and BTG-20M groups. In 
contrast, the BTGF-20M and BG-40M groups exhibited uniform matrix 
deposition. Immunohistochemical staining revealed more intense type II 
collagen staining in the BTGF-20M and BG-40M groups hydrogel 
compared to the BG-20M, BGF-20M, and BTG-20M groups. Further
more, quantitative and mechanical analysis showed no significant dif
ference in cartilage-specific ECM deposition and biomechanical 
performance between the BTGF-20M and BG-40M groups after in vivo 
culture, indicating that the dual growth factor-laden nanofiber-hydrogel 
group effectively formed robust neo-cartilage tissue with homogeneous 
ECM, similar to the high cell seeding density group (Fig. S8).

Fig. 4. Cell viability and proliferation assay for chondrocytes in hydrogel. (A) Schematic diagram illustrating the designed program for the formation of mature neo- 
cartilage tissue. (B) Confocal microscopic images for Live and Dead staining (live cells, green fluorescence; dead cells, red fluorescence). (C) Integrated density of 
green fluorescence (live chondrocytes) at various culture times. (D) CCK-8 assay for cell proliferation rate after different culture periods (n = 3 independent samples, 
*: p < 0.05, **p < 0.01).
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3.7. Regeneration of trachea-shaped ring-like cartilage in vitro and in vivo

Although the above results confirm the feasibility of constructing 
biochemically and biomechanically robust mature cartilage with BTGF- 
20M, further research is needed to develop ring-shaped tracheal carti
lage tissue with a stable geometric shape, high fidelity, and superior 
mechanical performance. We assessed the efficacy of the cell-laden 
hydrogel (BTGF-20M) for ring-shaped cartilage regeneration. The cell- 

laden constructs formed preliminary cartilage-like tissue after 4 weeks 
of in vitro culture, with histological staining showing abundant cartilage- 
specific ECM deposition (Fig. 7A). Furthermore, mature cartilage with a 
white and smooth appearance was obtained after in vivo subcutaneous 
implantation (Fig. 7B). Histological results demonstrated abundant 
cartilage-specific ECM deposition, with strong positive staining for 
safranin-O and type II collagen. Morphological changes were observed 
in the inner diameter of the cartilage rings. The cartilage rings 

Fig. 5. Histological analysis of chondrocyte-laden hydrogel for cartilage tissue regeneration in vitro. (A) Representative HE, safranin-O, and type II collagen staining 
of constructs after 1 week in vitro culture. (B) Representative HE, safranin-O, and type II collagen staining of constructs after 4 weeks in vitro culture. (C) The Bern 
score for the regenerated neo-cartilage tissue after 4 weeks of in vitro culture. (D) Quantitative evaluation of DNA content, GAG content, and collagen content in neo- 
cartilage tissue after 4 weeks of in vitro culture (n = 3 independent samples, *: p < 0.05).
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constructed in vivo shrank compared with those constructed in vitro, 
resulting in slight decrease in the inner diameter (Fig. 7C). Quantitative 
analysis demonstrated that cartilage rings in vivo present superior me
chanical properties and higher contents of GAG and collagen compared 
to those in vitro.

3.8. Construction of tissue-engineered biomimetic trachea

To further investigate the feasibility of using cellular hydrogel to 
construct tracheal grafts, cartilage rings formed by the BTGF hydrogel 
were stacked with fibrous rings to prepare an artificial tissue-engineered 
trachea. The biomimetic tracheal grafts were subcutaneously implanted 
into nude mice with a silicone tube support to maintain their inner 
diameter. After 4 weeks of in vivo implantation, the alternating cartilage 

and fibrous rings were successfully fused into an artificial trachea with a 
tubular shape, featuring seamless junctions between the rings (Fig. 8A). 
The lumen of the tissue-engineered trachea was smooth and well- 
preserved in the lateral view. Histological examination confirmed the 
regeneration of the biomimetic tracheal structure and cartilage tissue 
(Fig. 8B). The cartilage ring in the tissue-engineered trachea exhibited a 
typical lacuna structure with cartilage-specific ECM deposition, similar 
to native tracheal cartilage (Fig. 8C and Fig. S9). Histological and 
immunohistological staining of the longitudinal section of the engi
neered trachea showed that the structure of cartilage rings was arranged 
at intervals, resembling the native rabbit trachea (Fig. 8D).

Fig. 6. Histological evaluation of chondrocyte-laden hydrogel for cartilage tissue engineering in the dorsal subcutaneous area of nude mice. (A) Schematic diagram 
illustrating the fabrication of chondrocyte-laden hydrogel for in vivo cartilage regeneration. (B) Representative HE, safranin-O, and type II collagen staining of the 
chondrocyte-hydrogel constructs after 1 week in vivo culture. (C) Representative HE, safranin-O, and type II collagen staining of the chondrocyte-hydrogel constructs 
after 4 weeks in vivo culture.
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3.9. Segmental reconstruction with tissue-engineered trachea in a rabbit 
model

We investigated the clinical applicability of tissue-engineered 
tracheal grafts for functional tracheal reconstruction. Four weeks after 
intramuscular implantation, the biomimetic trachea maintained its 
original shape and was surrounded by a well-vascularized muscle flap 
(Fig. S10 and Fig. 9A). A longitudinal view of the regenerated trachea is 
shown in Fig. 9A. After removing the silicone stent, the trachea 

substitutes maintained their cylindrical shape, with no collapse 
observed. Subsequently, a segment of the native trachea, similar in 
length to the tissue-engineered trachea grafts, was excised, and the 
trachea graft was implanted to restore tracheal integrity through end-to- 
end anastomosis.

Of the six experimental rabbits, a survival rate of 83.3 % was 
observed, with five rabbits surviving. One rabbit died because of post
operative airway obstruction (Fig. S11). An X-ray examination revealed 
that the luminal patency of the implanted tracheal grafts was 

Fig. 7. Fabrication and characterization of trachea-shaped ring-like cartilage. (A) Gross images and histological staining (HE, safranin-O, and type II collagen) of 
trachea-shaped ring-like cartilage in vitro. (B) Gross images and histological staining (HE, safranin-O, and type II collagen) of trachea-shaped ring-like cartilage in 
vivo. (C) Quantitative analysis of inner diameter, Young’s modulus, and the amounts of DNA, GAG, as well as collagen in the engineered cartilage in vitro and in vivo 
(n = 3 independent samples, *: p < 0.05).
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maintained 4 weeks after surgery (Fig. 9B). Bronchoscopic examination 
revealed that the inner surface of the engineered trachea was smooth 
(Fig. 9C). A continuous patent lumen of the reconstructed trachea was 
observed from the anastomotic site to the other side, with no obvious 
formation of hyperplastic granulation tissue or tracheal. Macroscopic 
images of the luminal areas of the retrieved implants indicated good 
integration with the native trachea (Fig. 9D). Histological staining of the 
neo-cartilage demonstrated cartilage-specific features, including 
lacunae structures, cartilage-specific ECM, and type II collagen deposi
tion (Fig. 9E). Vascularized capsular tissue with numerous small blood 
vessels was observed outside the fibrous-ring compartment of the 
pedicled artificial trachea, indicating adequate vascularization of the 
reconstructed trachea (Fig. S12). Histological analysis of longitudinal 
sections of the reconstructed trachea indicated an alternating pattern of 
cartilaginous tissue and fibrous tissue, resembling the native trachea 
(Fig. 9F). Morphological analysis of the artificial tracheal neo-cartilage 
showed structural characteristics similar to those of native tracheal 
cartilage (Fig. 9G). These results demonstrate the feasibility of 

employing tissue-engineered trachea grafts from chondrocytes loaded 
BTGF hydrogel for functional tracheal reconstruction.

4. Discussion

Several tissue compartments constitute a functional tracheal organ, 
including the endoderm-derived pseudostratified columnar epithelium 
and mesoderm-derived mesenchyme, such as C-shaped cartilage rings 
and smooth muscle [25]. Of them, the cartilage rings are critical for 
maintaining the rigidity and luminal patency of the artificial trachea. 
Therefore, the development of biomimetic cartilage components with 
defined rigidity and elasticity is essential for the reconstruction and 
functionality of biomimetic trachea substitutes [26]. Currently, hydro
gels offer significant advantages in artificial cartilage tissue recon
struction owing to their advantages in maintaining the phenotype and 
supporting the amplification of chondrocytes in vitro [27,28]. For 
cartilage bioengineering applications, sufficient hydrogel strength is 
particularly important, as it can maintain the shape of the cell-hydrogel 

Fig. 8. Construction of tissue-engineered biomimetic trachea grafts. (A) Macroscopic images of trachea grafts after 4 weeks of subcutaneous implantation in nude 
mice in vivo. (B) Histological and immunohistological analysis of trachea grafts in the transverse sections. (C) Morphological and histological quantitative analysis of 
trachea grafts compared to native rabbit trachea cartilage (n = 3 independent samples, *: p < 0.05). (D) Histological and immunohistological analysis of tissue- 
engineered trachea grafts in longitudinal sections.
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construct and reduce the in vitro culturing time needed to achieve 
upgrading mechanical properties. Various methods, such as a double 
crosslinking strategy and double-network hydrogel, have been adopted 
to generate high-strength hydrogels [29,30]. However, achieving 
hydrogels with satisfactory mechanical properties often comes at the 
expense of a high cross-linking density and small average pore size in the 
hydrogel networks, leading to limited cellular infiltration and nutrient 
exchange and consequently poor cartilage tissue regeneration [31].

Native cartilage ECM consists of an integrated fibrous protein 
network and a proteoglycan-based ground (hydrogel) substance, both of 
which are important for maintaining the mechanical and functional 
properties of tracheal cartilage tissue [32]. Inspired by the structural 
characteristics of natural cartilage tissue, we designed a highly bio
mimetic hydrogel that incorporates fibrous structures into traditional 
hydrogel architectures. As the native fibrous structure mimics the 
collagen fibers of native cartilage, BC nanofibers were chosen to enhance 
the mechanical properties of the hydrogel. However, the chemical 
inertness and non-biodegradability of BC greatly limit its application in 
tissue engineering. To address this issue, sOBC nanofibers were intro
duced into GelMA hydrogel to prepare the nanofiber-hydrogel com
posite, leveraging its degradation and bioactive surface for the loading 
of functional biomolecules like TGF-β [33]. The introduction of sOBC 
nanofibers had minimal impact on the gelling performance of the GelMA 
hydrogel. Importantly, the resulting nanofiber-hydrogel composite 
exhibited excellent elastic mechanical properties, as it could be repeat
edly compressed at a strain of 1000 times without significant plastic 
deformation or structural damage. With a larger aspect ratio, the 
introduction of sOBC into the GelMA hydrogel resulted in a greater 
formation of hydrogen bonds between the nanofibers and hydrogel 
molecular chains, which helped maintain the structural stability of the 
hydrogel and improve its mechanical characteristics [10,34]. Therefore, 
a cartilage structure-inspired biomimetic hydrogel was fabricated by 
incorporating sOBC nanofibers into a GelMA hydrogel. Furthermore, 
native cartilage is a highly specialized tissue composed of chondrocytes 
and a cartilage-specific ECM, which consists of negatively charged GAGs 
interpenetrating a collagenous fibrillar network [35]. By encapsulating 
chondrocytes in our fabricated nanofiber-hydrogel composite, nascent 
immature cartilage tissue was constructed to a certain extent.

Another major challenge in constructing artificial tracheal cartilage 
is the limited availability of chondrocytes during biopsy. Owing to the 
loss of their distinctive phenotypes and functionalities after serial pas
sage for chondrocytes during lengthy in vitro monolayer culture, it is 
difficult to simultaneously meet the density required for optimal tissue 
engineering and retain high-quality chondrocytes [28]. Previous 
research has shown that the initial seeding densities for cell-hydrogel 
constructs range from 10 to 130 million cells/mL, and a high seeding 
density is required to reach native cartilage properties, which is difficult 
to achieve in practice [13,36,37]. Otherwise, a prolonged in vitro culture 
time is required for cell-hydrogel constructs with low seeding density 
(20 × 106 cells/mL) to achieve satisfactory mechanical properties and 
functional cartilage tissue formation, similar to high seeding density (40 
× 106 cells/mL); however, this may still be accompanied by the draw
back of inferior ECM deposition [38]. Furthermore, the ability of 
chondrocytes to produce a cartilaginous matrix following expansion has 
been shown to decrease as the expansion number increases [39]. 
Therefore, constructing neocartilage tissue faces the challenge of scarce 

cell sources and the deteriorating post-expansion chondrogenic poten
tial of chondrocytes.

To address this issue, we constructed a dual growth factor release 
system in a nanofiber-hydrogel composite to maximize the use of limited 
chondrocyte resources and obtain high-quality artificial tracheal carti
lage. The hydrogel system with a dual growth factor release profile, 
consisting of a high concentration of FGF initially followed by a 
decreasing concentration over time and a slower/sustained release of 
TGF-β, is realized by immobilizing FGF in GelMA hydrogel and TGF-β 
within sOBC nanofibers. Due to the synergistic effect of FGF and TGF-β 
during the initial proliferation stage, the BTGF hydrogel exhibited the 
highest cell proliferation rates, and showed great potential in reducing 
the seeding density of the chondrocytes [14,40]. The burst release of 
FGF during initial proliferation can achieve the expansion of chon
drocytes in a 3D environment and circumvents the dedifferentiation of 
monolayer expansion [41]. Furthermore, the sustained release of TGF-β 
further modulates the chondrocytes’ ability to re-enter the chondral 
lineage-specific differentiation program. Importantly, the quality of the 
regenerated neo-cartilage tissue by the BTGF hydrogel with a seeding 
density of 20 million cells/mL was equivalent to that with a seeding 
density of over 40 million cells/mL by the BG hydrogel, as evidenced by 
the relatively equivalent abundance of GAG and type II collagen matrix 
deposition. Thus, the BTGF hydrogel reduces the required number of 
donor chondrocytes and provides superior augmentation of cell function 
to differentiate and produce cartilage-specific ECM in response to 
chondrogenic stimuli. Using the BTGF hydrogel, functional biomimetic 
tracheal cartilage rings were successfully fabricated after in vitro and in 
vivo cultures.

Furthermore, we investigated the feasibility of using neo-cartilage 
tissue to construct artificial tracheas. An interdigitated arrangement of 
chondral and BC fibrous rings was constructed to build a tubular trachea 
replacement. After implantation within the muscle pedicles, the sur
rounding connective tissue is integrated into the transplanted artificial 
tracheas. Furthermore, the connective ring surrounding the artificial 
trachea and the adjacent cartilage tubes formed a vascularized network, 
which is necessary for the maturation of the cartilage tissue and 
epithelialization of the artificial trachea after implantation. Owing to 
the successful regeneration of ring-shaped cartilage tissue resembling 
native tracheal cartilage after in vivo maturation, the constructed tissue- 
engineered tracheal substitutes exhibited sufficient strength after 
removing the silicon stent [42]. The tissue-engineered tracheal sub
stitutes were used for tracheal defect repair and exhibited satisfactory 
repair outcomes. Four weeks after transplantation, the luminal surface 
of the reconstructed trachea from the anastomotic site to the other side 
was smooth, and the tracheal lumen was patent. Histologically, the 
tracheal cartilage equivalents based on the BTGF hydrogel system fully 
formed mature tracheal cartilage tissue with high morphological ring 
fidelity, abundant cartilage-specific ECM deposition, and mature carti
lage lacunae formation.

Although our study demonstrated the feasibility of using biomimetic 
nanofiber-hydrogel composites to construct transplantable neo-cartilage 
tissue for regenerating TETG and repairing long-segment tracheal de
fects, it has few limitations. First, although using chondrocytes to 
construct the tracheal cartilage is efficient, a significant drawback is that 
constructing a human-sized artificial trachea still requires a certain 
number of chondrocytes, which are difficult to obtain in clinical 

Fig. 9. Segmental tracheal reconstruction using biomimetic artificial tracheal grafts and treatment outcomes in a rabbit model. (A) Gross images of well-vascularized 
tracheal grafts with a pedicled muscle flap and silicon support (I and II). Luminal patency of artificial tracheal grafts after removing the silicon tube (III). Tracheal 
resection (IV). The engineered trachea was trimmed, and end-to-end anastomosis of the reconstructed tracheal grafts with the host remnant trachea stump was 
performed (V). White arrow: small blood vessels around the engineered trachea. (B) X-ray images of repaired tracheal defects 4 weeks after surgery. The red dotted 
line represents tracheal lumen patency. (C) Tracheoscopy images of the in situ reconstructed trachea 4 weeks after surgery. Red arrows indicate the proximal and 
distal anastomoses of the engineered trachea. (D) Gross view of the reconstructed trachea 4 weeks after surgery. Red arrows indicate the regenerated trachea. (E) 
Cross-sectioned view of the rabbit trachea stained with HE, safranin-O, Masson’s trichrome (MT), and type II collagen. (F) Longitudinally sectioned rabbit trachea 
stained with HE, safranin-O, MT, and type II collagen. (G) Morphological and histological quantitative analysis of regenerated cartilage compared to native rabbit 
trachea cartilage (n = 3 independent samples, *: p < 0.05).
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practice. One promising substitute cell source is mesenchymal stem cells 
(MSCs) [42]. The potential of the designed hydrogel to induce the 
chondrogenic differentiation of MSCs and form neo-cartilage tissues will 
be investigated further. Second, although the blood supply to the 
implanted trachea was achieved in the current study, epithelialization of 
the artificial trachea remains unclear. Regeneration of the tracheal 
epithelium depends on the innate reparative capacity of the host’s 
epithelium [43]. In future studies, we will further integrate the regen
eration and reconstruction of epithelial structural units into 
tissue-engineered tracheas established using existing cartilage units.

5. Conclusion

In conclusion, inspired by the native cartilage structure, we devel
oped a unique nanofiber-hydrogel composite that mimics the micro
architecture and mechanical properties of cartilage tissue. Based on this 
composite, we designed an innovative biomaterial system featuring high 
proliferative and a typical cartilage ECM-production ability to enable 
faster translational cartilage analogs production. The biomaterial plat
form, with the dual growth factor release profile, effectively regulates 
chondrocyte behavior and provides a step-wise mature of neo-cartilage 
tissue. After the in vitro culture and in vivo implantation, high-quality 
neo-cartilage regeneration was achieved by encapsulating a relatively 
low cell density within the biomaterial system, as evidenced by the 
native lacunae structure surrounded by an abundant territorial matrix. 
Furthermore, the regenerated ring-shaped neo-cartilage tissues were 
successfully applied for the construction of artificial trachea and repair 
of tracheal defects. Overall, we developed a highly biomimetic 
nanofiber-hydrogel composite with a fully defined tailor-made strategy 
to achieve efficient regeneration of mature cartilage analogs for recon
structing artificial trachea substitutes and repairing tracheal defects.
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