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A B S T R A C T   

Currently, 3D-bioprinting technique has emerged as a promising strategy to offer native-like tracheal substitutes 
for segmental trachea reconstruction. However, there has been very limited breakthrough in tracheal repair 
using 3D-bioprinted biomimetic trachea owing to the lack of ideal bioinks, the requirement for precise structural 
biomimicking, and the complexity of multi-step surgical procedures by mean of intramuscular pre-implantation. 
Herein, we propose a one-step surgical technique, namely direct end-to-end anastomosis using C-shape 3D-bio-
printed biomimetic trachea, for segmental trachea defect repair. First, two types of tissue-specific matrix 
hydrogels were exploited to provide mechanical and biological microenvironment conducive to the specific 
growth ways of cartilage and fibrous tissue respectively. In contrast to our previous O-shape tracheal design, the 
tubular structure of alternating C-shape cartilage rings and connecting vascularized-fibrous-tissue rings was 
meticulously designed for rapid 3D-bioprinting of tracheal constructs with optimal printing paths and models. 
Furthermore, in vivo trachea regeneration in nude mice showed satisfactory mechanical adaptability and efficient 
physiological regeneration. Finally, in situ segmental trachea reconstruction by direct end-to-end anastomosis in 
rabbits was successfully achieved using 3D-bioprinted C-shape biomimetic trachea. This study demonstrates the 
potential of advanced 3D-bioprinting for instant and efficient repair of segmental trachea defects.   

1. Introduction 

Segmental trachea reconstruction remains a significant challenge in 
the clinic owing to the lack of ideal tracheal substitutes [1–3]. Emerging 
tissue engineering that combines seed cells with biocompatible scaffolds 
is a promising strategy to construct engineered biomimetic trachea with 

native-like architecture [4–7]. As known, the native trachea displays a 
complex and heterogeneous structure of alternating C-shape cartilage 
(C-C) rings and connecting vascularized-fibrous-tissue (VF) rings as well 
as an intraluminal epithelium layer [8]. Currently, multicellular 
three-dimensional (3D) bioprinting technique has presented as an 
attractive strategy to construct engineered tissues or organs with 
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heterogeneous architecture, such as the heart, lung, ear, and trachea 
[9–13]. Our group has recently developed a feasible strategy, namely 
3D-bioprinting cartilage-vascularized fibrous tissue-integrated trachea 
(CVFIT), for segmental trachea defect repair [14]. However, previous 
research has mainly focused on 3D-bioprinting O-shape biomimetic 
CVFIT, which lacks the C-shape structure of C rings and the intercon-
nection of VF rings [15–17]. Except the inherent mechanical functions 
of compressive resistance and lateral flexibility dependent on the 
alternating stiff-to-soft tissue architecture, the C-shape structure dissi-
pates anisotropic forces to allow physiologically dynamic movements of 
the trachea [18,19]. Additionally, it is imperative to build a complete 
vascular network throughout the whole cartilaginous structure for the 
efficient transport of blood and nutrients [20,21]. Therefore, there is an 
urgent need to precisely mimic the tissue architecture of C-shape bio-
mimetic trachea with alternating C-C and VF rings based on 3D-bio-
printing technique. 

In addition to the biomimetic structural design, another essential 

consideration is the efficiency of the tracheal repair mode. Generally, in 
situ repair of segmental trachea defects using engineered biomimetic 
trachea is based on the classical two-step method, namely intramuscular 
pre-implantation and then end-to-end anastomosis by pedicled muscle 
transplantation, which is an intricate and time-consuming operation 
[22–24]. Of course, direct end-to-end anastomosis would avoid sec-
ondary surgery, but there is still limited breakthrough due to the 
comprehensive difficulties of 3D-bioprinting technique. To realize 
instant and efficient trachea reconstruction using 3D-bioprinted bio-
mimetic trachea, the following are essential requirements: i) easily 
prepared bioinks that beneficial for tissue-specific regeneration; ii) 
simplified printing paths and 3D models to shorten the manufacturing 
time; iii) 3D-bioprinted biomimetic trachea with sufficient mechanical 
strength and structural stability; and iv) improvement of end-to-end 
anastomosis to replace the traditional two-step surgery. Among these 
basic requirements, the availability of tissue-specific bioinks is 
pre-requisite for the rapid and efficient 3D-bioprinting of tracheal 

Scheme 1. Schematic illustration of instant trachea reconstruction using 3D-bioprinted C-shape cartilage-vascularized fibrous tissue-integrated trachea based on 
tissue-specific matrix hydrogels. 

Y. Sun et al.                                                                                                                                                                                                                                      



Bioactive Materials 32 (2024) 52–65

54

constructs. In our previous studies, photocrosslinkable matrix gels were 
meticulously designed to mimic the main components of extracellular 
matrix (ECM) by combining both proteoglycans and glycosaminogly-
cans [25–29]. For example, gelatin methacryloyl (GelMA) hydrogels 
together with cartilage or dermal acellular matrices can provide satis-
factory tissue-specific microenvironments, but the complex composition 
and potential of biosafety concerns hinder further clinical translation of 
these hydrogels [30,31]. Some natural materials (e.g., hyaluronic acid, 
chondroitin sulfate, and elastin) displaying unique biological functions 
can also be prepared as tissue-specific matrix gels [32–34]. Despite the 
above initiatives, instant and efficient trachea reconstruction by 3D-bio-
printing technique remains elusive. 

Herein, we report a novel strategy for in situ trachea reconstruction 
through direct end-to-end anastomosis using 3D-bioprinted C-shape 
biomimetic trachea (Scheme 1). Two tissue-specific matrix hydrogels 
were conveniently prepared by hybrid photocrosslinking strategy that 
combining printable GelMA with chondroitin sulfate methacryloyl 
(CSMA) as cartilage-specific matrix gels, while elastin methacryloyl 
(ElaMA) as fibrous tissue-specific matrix gels. The tubular architecture 
of alternating C-C and VF rings was rapidly 3D-bioprinted by simpli-
fying the printing paths and 3D models, which enabled precise 
mimicking of the physiological architecture and functions of the native 
trachea. Furthermore, the feasibility of trachea regeneration with me-
chanical and physiological functions was investigated by subcutaneous 
implantation of both O-shape and C-shape biomimetic CVFIT. Finally, in 
situ trachea reconstruction was evaluated by direct end-to-end anasto-
mosis using 3D-bioprinted C-shape biomimetic trachea. This study 
demonstrates a promising alternative strategy for segmental trachea 
defect repair by 3D-bioprinting technique. 

2. Materials and methods 

2.1. Materials and animals 

In this study, gelatin, chondroitin sulfate, elastin, methacrylic an-
hydride, sodium hydroxide, culture medium, trypsin, collagenase, and 
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) were pur-
chased from Sigma-Aldrich. All the other chemicals were reagent grade 
and deionized water was used. Both nude mice and New Zealand white 
rabbits were purchased from Shanghai Yunde Experimental Animal 
Raising Farm. All protocols for experimental in animals were approved 
by the Animal Care and Experimental Committee of Shanghai Jiao Tong 
University School of Medicine (SH9H-2021-A655-SB). 

2.2. Preparation of matrix hydrogels 

First, GelMA, CSMA, and ElaMA polymers were respectively syn-
thesized through methacrylation reaction and determined by 1H NMR 
spectra according to the previous protocols [35–37]. Then, GelMA, 
CSMA, and ElaMA polymers were dissolved in Dulbecco PBS (D-PBS, pH 
7.4) and mixed according to different constitutes for preparing GC-gel 
and GE-gel respectively. The above hydrogel samples were subjected to 
different measurements following light irradiation (365-nm LED, 20 
mW cm− 2) for 30 s. And the dried hydrogel samples were dehydrated by 
freeze drying and analyzed by scanning electron microscopy (SEM, 
Philips XL-30). The hydrogel composition in this study were listed as 
follows: G-gel: 5% w/v GelMA; GC-gel: 5% w/v GelMA/1% w/v CSMA; 
GE-gel: 5% w/v GelMA/1% w/v ElaMA. (w/v: weight/volume). 

2.3. Rheological measurement 

Dynamic rheology experiments were performed on HAAKE MARS III 
photorheometer with parallel-plate (P20 TiL, 20 mm diameter) geom-
etry and 365-nm (20 mW cm− 2) light source at 25 ◦C. Time sweep 
oscillatory tests were performed at a 10% strain (CD mode), 1 Hz fre-
quency, and a 0.5 mm gap for 60 s. The gel point was determined as the 

time when the storage modulus (G′) surpassed the loss modulus (G″). The 
final storage modulus was determined as the storage modulus (G′) 
reaching to the complete gelation. Temperature-sweep oscillatory tests 
were performed at 10% strain (CD mode) and 1 Hz frequency parame-
ters from 50 to 4 ◦C. The sol-to-gel transition point was determined as 
the time when the storage modulus (G′) surpassed the loss modulus (G″). 

2.4. Swelling and degradation tests 

The cylindrical hydrogel samples (diameter = 8 mm; height = 3 mm) 
prepared according to the above protocols were recorded as the initial 
weight (W0). For swelling tests, hydrogels were fully immersed in D-PBS 
solution (pH = 7.4) for 24 h until complete swelling. When the mass of 
these hydrogels was constant, the values were recorded as the wet 
weight (Wt). The swelling ratio (%) was calculated according to Equa-
tion (1):  

Swelling ratio (%) = Wt/W0 × 100%                                                  (1) 

For enzyme-mediated degradation tests, the initial weight (W0) of 
hydrogels after complete swelling was firstly recorded. Then, hydrogels 
were incubated in D-PBS (pH = 7.4) containing 20 U mL− 1 hyaluroni-
dase and 20 U mL− 1 collagenase for 6-h observation at 37 ◦C. At each 
time point, these samples were carefully collected, gently blotted with 
filter paper to remove excess water on the surfaces, and recorded as the 
residual weights (Wt). The degradation ratio (%) was calculated ac-
cording to Equation (2):  

Degradation ratio (%) = (W0 − Wt)/W0 × 100%                                  (2)  

2.5. Observation of interfacial integration 

For the visualization of interfacial region, GC-gel hydrogels were 
stained with rhodamine (red) and GE-gel hydrogels were stained with 
Aniline blue (blue) respectively. Confocal laser scanning microscopy 
(CLSM; Leica TCS SP8 STED 3X) was used to directly observe the 
interfacial integration between GC-gel and GE-gel hydrogels. 

2.6. Mechanical measurement 

For mechanical tests, hydrogel samples were prepared as cylindrical 
shape (8 mm in diameter and 3 mm height). The compression tests were 
carried out using a mechanical analyzer (Instron-5542) with a capacity 
of 500 N. The as-prepared hydrogels were subjected to compression tests 
after complete gelation upon light irradiation (365-nm LED, 20 mW 
cm− 2) for 30 s. For compression tests, the testing speed was set at 1 mm 
min− 1 up to a maximum of 95% of the deformation. The compressive 
modulus was calculated as the slope of the linear region (35–55% 
strain). The cycle compression tests were conducted under a continuous 
planar unconfined strain rate of 1 mm min− 1 up to a maximum of 60% of 
the deformation. 

2.7. Finite element analyses 

The finite element analyses were compared between 3D-bioprinted 
O-shape and C-shape biomimetic trachea. The size of regenerated tra-
chea was listed as follows: 11 mm in height; 8 mm in external diameter; 
6 mm in inner diameter; four C rings and three VF rings; height ratio C: 
VF = 2:1. The mechanical behavior of the 3D-bioprinted biomimetic 
trachea under longitudinal tensile and anisotropic compression were 
analyzed using an FEM program (Ansys software). The alternant struc-
tural trachea was divided into stiff units (C rings) and soft units (VF 
rings). The Young’s modulus and Poisson’s ratio used for FEM analyses 
were obtained from the mechanical tests of the corresponding units. The 
same stress in longitudinal tensile and anisotropic compression was 
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adopted to compare the deformation or stress distribution of different 
tracheal models. To simplify the FEM analyses, a linear elastic model 
was adopted for evaluating the structural and functional differences in 
this study. 

2.8. Cell viability 

Rabbit auricles were obtained from autologous rabbits under aseptic 
conditions. Chondrocytes were isolated from the rabbit auricular carti-
lage tissue, while fibroblasts were isolated from auricular skin dermis. 
Cells were expanded to the second passage according to a previous 
protocol [38]. Chondrocytes and fibroblasts were respectively mixed 
with the corresponding gel precursors at a density of 1.0 × 107 cells 
mL− 1 at 37 ◦C. After 1, 4, and 7 days of culture, the cell viability of 
cell-laden hydrogel constructs was evaluated using the Live & Dead Cell 
Viability Assay (Dojindo) following the manufacturer’s instructions and 
examined using a CLSM (Leica TCS SP8 STED 3X). Additionally, cyto-
compatibility was examined using CCK-8 assay (Dojindo) according to 
the manufacturer’s protocol, and the optical density (OD) was measured 
with microplate reader (Synergy H1, BioTek) at wavelength of 450 nm. 

2.9. Biological functional evaluation 

Chondrocytes were cultured in medium containing GM, CM and 
blank for 7 days, while fibroblasts and endothelial cells were cultured in 
medium containing GM, EM and blank for 7 days. The corresponding 
chondrogenic, fibrogenic, and angiogenic functional evaluations were 
examined via immunofluorescent staining as previously described [39]. 
Col II expression of chondrocytes, α-SMA expression of fibroblasts, and 
CD31 expression of HUVECs were respectively examined using a CLSM 
(Leica TCS SP8 STED 3X). After in vitro culturing the cell-laden hydrogel 
constructs for 7 days, total RNA of cells was isolated using TRIzol re-
agent (Life Technologies) following the manufacturer’s protocol. RNA 
concentration was measured using a Nanodrop (Thermo Scientific). 
Reversetranscription was performed with a cDNA synthesis kit (Thermo 
Scientific) following manufacturer’s instructions. Gene expressions were 
analyzed quantitatively with SYBR-green using 7500 Real-Time PCR 
system (Applied Biosystems, Life Technologies). The primers and probes 
for Col II, ACAN, SOX9, α-SMA, FAP, Vimentin, CD31, VEGF, and GAPDH 
were used based on published gene sequences (NCBI and PubMed). The 
mRNA expression level for each gene was normalized with GAPDH. 
Additionally, the immunofluorescent staining of SOX9 for chondrocytes 
in GC-gel and α-SMA for fibroblasts in GE-gel were respectively 
observed by a CLSM (Leica TCS SP8 STED 3X). 

2.10. 3D-bioprinting of CVFIT 

For 3D-bioprinting of CVFIT, two bioinks were loaded separately 
into 5 mL syringes equipped with 0.21 mm diameter needles. The sy-
ringes were then mounted into the syringe pump extruder on a 3D 
BioArchitect work station (Regenovo). Temperatures of syringes and the 
platform were maintained at 16 ± 1 ◦C. Light irradiation (365-nm LED, 
20 mW cm− 2) was applied during the switching of extruders. Printing 
parameters were used as follows: line gap: 500 μm; layer thickness: 200 
μm; photocrosslinking time: 30 s per ring; pneumatic pressure: 0.18 MPa 
for GC-gel and 0.12 MPa for GE-gel; extrusion speed: 6 mm s− 1 for both 
GC-gel and GE-gel. 

For cell-free printing, gel precursors were directly printed and dyed 
with rhodamine (red) for GC-gel and Aniline blue (blue) for GE-gel 
respectively. For cell-laden bioprinting, two type of cells (chondrocytes 
and fibroblasts) were firstly mixed homogeneously into the corre-
sponding gel precursors. The C rings were bioprinted using GC-gel with 
1 × 108 mL− 1 of chondrocytes and VF rings were bioprinted using GE- 
gel with 5 × 107 mL− 1 of fibroblasts respectively. The bioprinted con-
structs were incubated in Dulbecco’s modified eagle medium (DMEM), 
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/ 

streptomycin in a 37 ◦C and 5% CO2 immediately after bioprinting. Each 
step was strictly performed under sterile conditions. The whole trachea 
fluorescence images were acquired by lightsheet fluorescence micro-
scopy (LSFM) (Lightsheet Z.1, Zeiss). 3D reconstruction images and 
videos were performed with Arivis Vision 4D and Imaris according to the 
previous methods [14]. The relative fluorescent intensity of C-shape 
CVFIT was analyzed by the ImageJ software (National Institutes of 
Health). 

2.11. In vivo subcutaneous implantation of nude mice 

Female nude mice (6-week-old) were divided into two groups for 
subcutaneous implantation of 3D-bioprinted biomimetic trachea: C- 
shape CVFIT as the experimental group (n = 4); O-shape CVFIT as the 
control group (n = 4). For both groups, silicon tubes (6 mm external 
diameter) with similar length of 3D-bioprinted biomimetic trachea were 
inserted as the internal mechanical support. After certain time points (8 
and 16 weeks) of in vivo subcutaneous implantation, the regenerated 
tracheal samples were collected for the following qualitative and 
quantitative evaluations. C rings: GC-gel (5% w/v GelMA/1% w/v 
CSMA) loaded with 1 × 108 mL− 1 of chondrocytes; VF rings: GE-gel (5% 
w/v GelMA/1% w/v ElaMA) loaded with 5 × 107 mL− 1 of fibroblasts. 

2.12. Instant segmental trachea reconstruction of rabbits 

New Zealand white rabbits (3-month-old) were used to evaluate the 
feasibility of instant segmental trachea reconstruction using 3D-bio-
printed biomimetic CVFIT (n = 4). Briefly, the biomimetic CVFIT was 
firstly 3D-bioprinted by autologous chondrocytes and fibroblasts-loaded 
tissue-specific matrix hydrogels, and then stacked on a silicon tube for 
the following use. The segmental trachea defects of rabbits were created 
as 10 mm length and directly repaired by in situ end-to-end anastomosis 
surgery, in which the ends of the native trachea sew with 5-0 absorbable 
sutures. After 8 weeks post-operation, total rabbits were euthanized for 
further evaluation. 

2.13. Histological and immunofluorescence staining 

All the samples were fixed in 4% paraformaldehyde, embedded in 
paraffin, and then sectioned. The reconstructed trachea of both trans-
verse and longitudinal regions was respectively stained with hematox-
ylin and eosin (H&E), Safranin-O (SO), and Masson’s trichrome (MT) to 
evaluate the regenerated tissue structure. The immunofluorescence 
staining of COL II (green), α-SMA (red), CD31 (orange), and cell nuclei 
(DAPI, blue) were further used to show the cartilage and fibrous tissue- 
specific ECM deposition. The keratin (green, G) staining was used to 
reveal the regeneration of tracheal epithelium. 

2.14. Biochemical and mechanical evaluations 

The samples (regenerated and native trachea segments) were minced 
to evaluate cartilage-related biochemical components. Briefly, the con-
tents of total collagen and GAG were respectively quantified by hy-
droxyproline and Alcian blue colorimetric assay according to the 
manufacturer’s protocols. The compressive properties were measured 
using a mechanical analyzer (Instron-5542). Briefly, each sample was 
subjected to a compression cycle with a continuous planar unconfined 
strain rate of 1 mm min− 1 up to a maximum of 60% of the deformation, 
and the compressive modulus was calculated according to the linear 
region of the stress-strain curve. 

2.15. Statistical analyses 

Data (n = 4) were expressed as the means ± standard deviations. A 
one-way analysis of the variance was used to determine the statistical 
significance of the difference between groups using GraphPad Prism 
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7.00 software, and a p-value <0.05 was considered statistically 
significant. 

3. Results 

3.1. Characterization of photocrosslinkable matrix hydrogels 

In this study, photocrosslinkable natural polymers of GelMA (GM), 
CSMA (CM), and ElaMA (EM) were chosen as hydrogel components 
owing to the advantages such as ECM-mimicking constitution, biosafety, 
and ease of preparation. The successful grafting of methacryloyl groups 
of these polymers were confirmed by 1H nuclear magnetic resonance 
(NMR) (Fig. S1). To mimic the tissue-specific constitution, proteoglycan- 
containing GM polymer and cartilage-derived CM polymer were com-
bined to prepare the cartilage-specific matrix gel (GC-gel), while GM 
polymer and connective tissue-derived EM polymer were combined to 
prepare the fibrous tissue-specific matrix gel (GE-gel), and GelMA 
hydrogel (G-gel) was used as the control. As shown in Fig. 1A, both GC- 
gel and GE-gel precursors were rapidly crosslinked upon light irradia-
tion (365-nm LED, 20 mW/cm2), which is suitable for light-assisted 
extrusion-based 3D-bioprinting. The 1H NMR spectra demonstrated 

that the signals of gel precursors at approximately 5.0–6.0 ppm 
decreased after light irradiation, indicating successful photo-
polymerization of multicomponent polymers (Fig. 1B). Time sweep 
rheological measurements further confirmed the rapid sol-to-gel tran-
sition of both GC-gel and GE-gel precursors (Fig. 1C). Noticeably, the 
gel point of GC-gel (3.4 ± 0.2 s) was shorter than that of G-gel (5.4 ±
0.2 s), while the shear modulus of GC-gel (3.9 ± 0.3 KPa) was greater 
than that of G-gel (0.9 ± 0.1 KPa) because the crosslinked density of the 
CM network was higher than that of the GM network (Fig. 1D and E). 
However, the gel point of GE-gel (9.1 ± 0.4 s) was relatively longer than 
that of G-gel and the shear modulus of GE-gel (0.7 ± 0.05 KPa) was 
slightly lower than that of G-gel because the crosslinked density of the 
EM network was lower than that of the GM network. As shown in 
Fig. 1F, G and S2, both GC-gel and GE-gel with reasonable swelling 
ratios (GC-gel: 131 ± 3%; GE-gel: 161 ± 3%) hardly degraded in the 
PBS solution, but quickly degraded in the collagenase solution due to the 
enzyme-mediated degradation characteristics, demonstrating satisfac-
tory physicochemical properties as tissue-engineered scaffolds. More-
over, the lyophilized matrix hydrogels were porous after freeze drying, 
which was consistent with the crosslinked density of the corresponding 
gel network (Fig. 1H). Additionally, interfacial integration between C-C 

Fig. 1. Characterization of photocrosslinkable matrix hydrogels. A) Photographs showing the sol-to-gel transition upon light irradiation. B) 1H NMR spectra of GC- 
gel and GE-gel formulations following photopolymerization with light irradiation. C) Representative rheological analyses of GC-gel and GE-gel formulations. D, E) 
Statistical analyses of the gel points (D) and final storage moduli (E) of G-gel, GC-gel, and GE-gel. F, G) Swelling ratio in the PBS solution (F) and enzyme-mediated 
degradation rate in the collagenase solution (G) of G-gel, GC-gel, and GE-gel. H) Scanning electron microscopy images of GC-gel and GE-gel. I) Photographs of the 
interfacial integration of dye-stained GC-gel (red) and GE-gel (blue) for visualization. The original state was recovered even after stretching and twisting. G-gel: 5% 
w/v GM; GC-gel: 5% w/v GM/1% w/v CM; GE-gel: 5% w/v GM/1% w/v EM; light irradiation: 365-nm LED, 20 mW/cm2. 
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and VF rings was analyzed qualitatively. As shown in Fig. 1I, the con-
structs of comprising alternating GC-gel and GE-gel showed structural 
integrity even after stretching and twisting, which was ascribed to 
sequential photopolymerization at the interface as well as the firm 
interconnection of GE-gel and GC-gel. 

3.2. Analyses of anisotropic structural design 

To highly mimic the alternating stiff-to-soft tissue architecture of the 
trachea, we meticulously designed two types of matrix hydrogels with 
different mechanical strength. As shown in Fig. 2A–C, both GC-gel and 
GE-gel withstood compression of up to approximately 95% owing to the 
ductile network of GM with a low grafting ratio (~45%), which enabled 
adaption to physiologically dynamic movements of the native trachea. 

Fig. 2. Analyses of anisotropic structural design. A) Photographs of GC-gel and GE-gel under compression, showing no breakage even under ~90% strain. B, C) 
Representative compressive stress-strain curves (B) and compressive moduli (C) of G-gel, GC-gel, and GE-gel. D) Representative cyclic compression curves of both 
GC-gel and GE-gel compared to G-gel. E) Representative repeated compression tests of GC-gel and GE-gel (5 times at 60% strain). F-H) Finite element analyses of O- 
shape and C-shape structure with longitudinal tensile and anisotropic compression. The hydrogel compositions are the same as shown in Fig. 1. 
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However, introducing the high-crosslinked CM network into the soft GM 
network significantly enhanced the compressive modulus from 8.0 ±
0.1 KPa to 31.2 ± 0.8 KPa, whereas introducing the low-crosslinked EM 
network slightly decreased the compressive modulus to 6.8 ± 0.3 KPa. 
The same results were observed for repeated compressive cycle tests that 
the mechanical strength of GC-gel was higher than that of GE-gel even 
after three compressive cycles (Fig. 2D). Additionally, there was no 
obvious decline in the mechanical strength at ~60% strain after five 
compressive cycles for both GC-gel and GE-gel (Fig. 2E). Another 
important consideration is whether the C-shape structural design has 
unique advantages for trachea reconstruction. Therefore, both C-shape 
and O-shape tracheal models were evaluated by finite element analysis. 
As shown in Fig. 2F, the interconnecting C-shape structural design 
effectively enhanced the integration between VF and C-C rings, even 
under external force loading. Most importantly, the C-shape tubular 
structure not only bears mechanical compression loaded parallel to the 
C-shape position dependent on stiff C-C rings, but it also dissipates 
compressive force loaded perpendicular to the C-shape position owing to 
the soft gap between the stiff regions (Fig. 2G and H). The above results 
demonstrated that the alternating stiff-to-soft tubular structure was 
readily realized using GC-gel as the stiff portion and GE-gel as the soft 
portion, and thus facilitated the construction of biomimetic trachea 
adaptable to anisotropic mechanical environment. 

3.3. Biological evaluation of tissue-specific matrix hydrogels 

To prepare tissue-specific bioinks for 3D-bioprinting biomimetic 
trachea, chondrocytes were encapsulated in GC-gel as cartilage-specific 
bioinks, while fibroblasts were encapsulated in GE-gel as fibrous tissue- 
specific bioinks. First, the cytocompatibility of tissue-specific bioinks 
was evaluated using cell counting kit-8 (CCK-8) and live/dead staining. 
As shown in Fig. 3A and B, these photocrosslinkable natural polymers 
(GM, CM, and EM) and corresponding hydrogels (GC-gel and GE-gel) 
did not show cytotoxicity, indicating favorable cytocompatibility of 
photocrosslinkable matrix hydrogels. Additionally, both chondrocytes 
and fibroblasts displayed a tendency for cell proliferation whether they 
were cultured in two-dimensional Petri dish or the corresponding three- 
dimensional hydrogels. Notably, fibroblasts in GE-gel exhibited more 
spreading than chondrocytes in GC-gel after 7 days of culturing. This is 
mainly related to the mechanical microenvironment in different 
hydrogels that the high-crosslinked GC network restricts chondrocyte 
behavior, whereas the low-crosslinked GE network facilitates fibroblast 
spreading, which is consistent with the native growth ways of these cell 
types. As shown in Fig. 3C and Fig. S3, fluorescent staining revealed that 
cartilage-specific expression of type II collagen (COL II) in CM groups 
was stronger than that in GM groups. Moreover, fibrous tissue-specific 
expression of α-smooth muscle actin (α-SMA) and blood vessel-specific 
expression of platelet endothelial cell adhesion molecule-1 (CD31) in 
EM groups were stronger than those in GM groups. These results were 
further confirmed by real-time quantitative polymerase chain reaction 
(q-PCR). Specifically, chondrogenic gene expressions (COL II, ACAN, 
and SOX9) in CM groups as well as fibrogenic gene expressions (α-SMA, 
FAP, and vimentin) and angiogenic gene expressions (CD31) in EM 
groups were significantly up-regulated compared with those in the 
corresponding control groups (Fig. 3D–F). Thus, with the establishment 
of tissue-specific biological microenvironment, the chondroitin sulfate- 
containing CM component provides cartilage-specific regulatory func-
tion, while the elastin-containing EM component offers fibrous tissue- 
specific regulatory function. Similarly, fluorescent staining of cell- 
loaded hydrogels also showed tissue-specific protein expressions by 
chondrocytes (SOX9, green) in GC-gel and fibroblasts (α-SMA, red) in 
GE-gel, further indicating satisfactory phenotype-maintainable micro-
environment in three-dimensional hydrogels (Fig. 3G). All these results 
demonstrate that our photocrosslinkable matrix hydrogels are condu-
cive to cell survival, proliferation, and spreading, as well as definitive 
tissue-specific regulatory functions according to the different 

mechanical and biological microenvironment. 

3.4. Characterization of 3D-bioprinted biomimetic CVFIT 

The printability of tissue-specific bioinks is an essential requirement 
for 3D-bioprinting biomimetic CVFIT. As shown in Fig. 4A, both GC-gel 
and GE-gel showed temperature-dependent gel-transition points at 
approximately 16 ◦C, which indicated inherent printability for 
extrusion-based 3D-bioprinting to sustain the predesigned shape. The 
printing parameters (applied pressure and printing speed) were opti-
mized by printing test lines. As shown in Fig. 4B, the applied pressure 
and printing speed were respectively optimized to 0.16 MPa and 8 mm/s 
for GC-gel and 0.14 MPa and 6 mm/s for GE-gel. Thus, both O-shape 
and C-shape CVFIT constructs were printed using a dual-nozzle extru-
sion-based 3D bioprinting system, and followed by light irradiation 
(365-nm LED, 20 mW/cm2) to further enhance the mechanical stability 
of the predesigned shape (Fig. 4C and D). Noticeably, the printing time 
was shortened to approximately 8 min for O-shape CVFIT constructs and 
approximately 19 min for C-shape CVFIT constructs by simplifying the 
printing paths, and thus facilitated instant trachea defect repair surgery. 
The printed O-shape biomimetic trachea exhibited an alternating 
structure of C rings-to-VF rings tubular structure, while the printed C- 
shape CVFIT construct displayed the C-shape structure of alternating C 
rings and wholly interconnected VF rings across the C rings (C rings: red; 
VF rings: blue). Furthermore, fluorescently labeled chondrocytes (red) 
and fibroblasts (green) were precisely localized in the ring-to-ring 
structure, confirming the control of cell localization and manufacture 
of 3D morphology according to the predesigned tracheal model 
(Fig. 4E–G and Video S1). Additionally, the printing procedure had no 
significant effect on cell viability (GC-gel: 95 ± 1%; GE-gel: 95 ± 1%) 
and the mechanical strength of hydrogels (GC-gel: 30 ± 1 KPa; GE-gel: 
6 ± 1 KPa), which was conducive to cell-laden 3D bio-printing (Fig. 4H 
and I). 

3.5. In vivo subcutaneous implantation of 3D-bioprinted CVFIT in nude 
mice 

To investigate the feasibility of in vivo trachea regeneration, 3D-bio-
printed CVFIT internally supported by a silicone tube (C-shape CVFIT as 
experimental group; O-shape CVFIT as control group) was subcutane-
ously implanted in nude mice. After 8 and 16 weeks, the tubular 
structure of the regenerated trachea was well maintained, which 
depended on the initial mechanical strength of the construct together 
with the inner silicone tube support. Additionally, the alternating ar-
chitecture of regenerated cartilage and fibrous tissue as well as the C- 
shape cartilage gap of the regenerated trachea were clearly observed 
(Fig. 5A). As shown as Fig. 5B–E, both regenerated C-shape and O-shape 
trachea exhibited similar mechanical properties, namely radial 
compressibility, lateral flexibility, and fatigue resistance, which depen-
ded on the mature cartilage and fibrous tissue regenerated during the 8 
weeks of subcutaneous implantation (Video S2-3). Notably, the regen-
erated C-shape trachea possessed unique anisotropic compressibility 
because the C-shape structural design effectively dissipated mechanical 
energy, which was conducive to the reconstruction of normal mechan-
ical functions (Video S4). Quantitative analyses further confirmed that 
the reconstructed mechanical properties as well as the biochemical ECM 
contents of collagen and glycosaminoglycan were basically similar to 
those of the native trachea (Fig. 5F–H). 

Histological examination of transverse sections showed that the re-
generated C-shape trachea contained a C-shape cartilage gap filled with 
fibrous connective tissue, similar to the native trachea, while the re-
generated O-shape trachea contained a single cartilage ring only (Fig. 6A 
and S4). Histological staining of longitudinal sections showed that both 
regenerated O-shape and C-shape trachea exhibited an alternating 
structure of mature cartilage and fibrous tissue (Fig. 6B and S5). 
Importantly, regeneration of the tissue-specific trachea occurred with 
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Fig. 3. Biological evaluation of tissue-specific matrix hydrogels. A, B) CCK-8 assays (A) and live/dead staining (B) of chondrocyte-loaded GC-gel and fibroblast- 
loaded GE-gel bioinks cultured for 1, 4, and 7 days in vitro. C) Immunofluorescent staining of COL II (red), F-actin (green), and cell nuclei (DAPI, blue) for chon-
drogenic marker expressions in CM, GM, and Ctrl groups; α-SMA (red), F-actin (green), and cell nuclei (DAPI, blue) for fibrogenic marker expressions in EM, GM, and 
Ctrl groups; CD31 (red), F-actin (green), and cell nuclei (DAPI, blue) for vascularized marker expressions in EM, GM, and Ctrl groups. D-F) Relative chondrogenic 
gene expressions (COL II, ACAN, SOX 9) in cartilage-specific matrix hydrogels as well as fibrogenic gene expressions (α-SMA, FAP, Vimentin) and angiogenic gene 
expressions (CD31, VEGF) in fibrous tissue-specific matrix hydrogels. G) Immunofluorescent staining of SOX9 for chondrocytes in GC-gel and α-SMA for fibroblasts in 
GE-gel respectively. The hydrogel compositions are the same as shown in Fig. 1. 
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gradual maturation, and concomitant degradation of the hydrogel 
scaffolds from 4 weeks to 16 weeks (Fig. S6). At 16 weeks post- 
implantation, the cartilage region contained typical lacunae and 
cartilage-specific ECM deposition (safranin-O and COL II staining), 
while the fibrous region exhibited positive features of Masson’s tri-
chrome and α-SMA staining with abundant vascular ingrowth (CD31 
staining). Notably, we found that the cartilage tissue adjacent to the 
fibrous region was more mature than that inside the cartilage region, 

indicating that the vascularized fibrous tissue provided sufficient 
nutrition transport for tracheal cartilage regeneration (Fig. S7). These 
results demonstrated that the regenerated C-shape trachea successfully 
enabled reconstruction of both mechanical and physiological functions 
similar to the native trachea (Fig. S8). 

Fig. 4. Characterization of 3D-bioprinted biomimetic CVFIT. A) Temperature-sweep rheological analyses show the printability of GC-gel and GE-gel based on their 
temperature-sensitive properties. B) Optimization of printing parameters (applied pressure and printing speed) for GC-gel and GE-gel. C) Photographs of 3D-printed 
paths, C rings, VF rings, and 3D-printing of O-CVFIT and C-CVFIT constructs. D) Photographs of 3D-printed O-CVFIT and C-CVFIT constructs with dyes for 
visualization (C rings: red; VF rings: blue). E) Representative lightsheet microscopy images of cells distributed in 3D-bioprinted C-CVFIT construct (chondrocytes: 
green; fibroblasts: red). F, G) Relative fluorescence intensity analyses of different regions of 3D-bioprinted C-CVFIT constructs using ImageJ software. Black lines 
represent the position of the analytical regions. H) Viability of cells loaded in bioinks with or without extrusion force during 3D-bioprinting. I) Mechanical properties 
of cell-loaded bioinks before and after 3D-printing. O-CVFIT: O-shape CVFIT; C-CVFIT: C-shape CVFIT. 

Y. Sun et al.                                                                                                                                                                                                                                      



Bioactive Materials 32 (2024) 52–65

61

3.6. Instant segmental trachea repair by direct end-to-end anastomosis 

The feasibility of in situ segmental trachea repair was further eval-
uated by instant trachea reconstruction using 3D-bioprinted C-shape 
CVFIT in a rabbit model (Fig. 7A). As shown in Fig. 7B, the 3D-bio-
printed biomimetic trachea was applied to directly repair segmental 
trachea defects through one-step end-to-end anastomosis surgery 
without in vivo intramuscular pre-implantation, and thus facilitate 
instant trachea reconstruction by 3D-bioprinting technique. At 8-weeks 
post-operation, the reconstructed trachea showed a complete and 
continuous tubular structure with a smooth internal surface and venti-
lation, which was seamlessly integrated with the native trachea. Histo-
logical examination revealed that the alternating tissue-specific 
architecture exhibited C-shape cartilage characteristics and fibrous tis-
sue ingrowth. Moreover, the reconstructed trachea showed typical 
lacunae structure with cartilage-specific ECM deposition in the cartilage 
region as well as mature fibrous tissue with abundant blood vessels 

infiltration in the fibrous tissue region (Fig. 7C–E). Although the re-
generated tracheal cartilage partially overlapped with the native tra-
chea, they were integrated well with each other that connected by the 
regenerated fibrous tissue (Fig. S9). In addition, keratin positive staining 
of tracheal epithelial cells was observed in the regenerated tracheal 
lumen, indicating satisfactory epithelial tissue regeneration owing to the 
recovery of physiological functions (Fig. 7F). Therefore, the current 
study demonstrated the feasibility of instant and efficient trachea 
reconstruction using 3D-bioprinted C-shape biomimetic trachea as an 
alternative treatment for segmental trachea defect repair. 

4. Discussion 

Currently, multicellular 3D-bioprinting technique has emerged as an 
attractive strategy to construct heterogeneous biomimetic trachea with 
native-like tissue architecture [40–43]. To date, there is still limited 
breakthrough to realize segmental trachea reconstruction using 

Fig. 5. In vivo subcutaneous implantation of 3D-bioprinted CVFIT in nude mice. A) Gross view of 3D-bioprinted O-CVFIT and C-CVFIT constructs as well as the 
regenerated trachea at 8- and 16-weeks subcutaneous post-implantation. B) Mechanical properties of the regenerated trachea under radial, lateral, and anisotropic 
compression. Blue arrows represent the direction of compression forces; red arrows represent the position of C-shape cartilage rings. C, D) Representative cyclic 
compression curves of the regenerated C-shape trachea (C) at both vertical and parallel directions to C-shape cartilage rings, with the O-shape trachea (D) as the 
control. E) Representative repeated compression tests of regenerated O-shape and C-shape trachea as well as the native trachea. F-H) Statistical analyses of 
compressive moduli (F), total collagen contents (G), and GAG contents (H) of regenerated O-shape and C-shape trachea as well as the native trachea. O-CVFIT: O- 
shape CVFIT; C-CVFIT: C-shape CVFIT; NT: native trachea. 
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3D-bioprinted biomimetic trachea. As far as we know, the key diffi-
culties lie in the lack of ideal bioinks, the requirement for precise 
structural biomimicking, and the complexity of multi-step surgical 
procedures [44–46]. To address the above problems, we first adopted 
hybrid photocrosslinking method to prepare two types of tissue-specific 
matrix hydrogels with desired mechanical and biological microenvi-
ronment. Then, 3D-bioprinted biomimetic CVFIT comprising alter-
nating C-shape C and VF rings was meticulously designed with optimal 
printing paths and 3D models. Most importantly, we proposed an instant 
one-step method, namely direct end-to-end anastomosis, for segmental 
trachea reconstruction to avoid secondary surgery. Eventually, instant 
and efficient trachea defect repair using 3D-bioprinted biomimetic 
CVFIT was successfully verified in rabbit models. 

The primary consideration for 3D-bioprinting C-shape biomimetic 
CVFIT is to prepare ideal bioinks with chondrogenic and fibrogenic 

microenvironment. As tissue-specific bioinks, the requirements of ma-
trix hydrogels are based on: i) simple constitution for ease of prepara-
tion; ii) different mechanical strength to match the alternating stiff-to- 
soft tissue architecture; and iii) tissue-specific induced microenviron-
ment for both cartilage and fibrous tissue regeneration. In the current 
hydrogel design, we applied our previously established hybrid photo-
crosslinking method to construct matrix hydrogels with ECM-mimicking 
constitution. To simplify the complicated hydrogel composition of our 
previous design [14], cartilage-derived CM and connective 
tissue-derived EM polymers were introduced into 
proteoglycan-containing GM constitution as cartilage-specific and 
fibrous tissue-specific matrix hydrogels respectively. Noticeably, two 
types of matrix hydrogels similarly possessed biomimetic tissue-specific 
mechanical and biological microenvironment, which were suitable for 
the growth ways of both cartilage and fibrous tissues. The current study 

Fig. 6. Histological examinations of the regenerated trachea in nude mice. A, B) Histological staining of H&E, safranin-O (SO), and Masson’s trichrome (MT), as well 
as immunofluorescence staining of COL II (green), α-SMA (red), CD31 (orange), and cell nuclei (DAPI, blue) of the regenerated trachea in the transverse (A) and 
longitudinal (B) sections at 16-weeks post-implantation. 
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showed that the high-crosslinked GC network provided mechanical 
support, a restricted 3D matrix for chondrocyte survival, and inherent 
chondrogenic regulation. In contrast, the low-crosslinked GE network 
provided mechanical ductility, a relaxed 3D matrix for fibroblast 
spreading, and intrinsic fibrogenic regulation. 

Furthermore, the next consideration for 3D-bioprinting C-shape 

biomimetic CVFIT is the precise structural design. To precisely mimic 
the native-like tracheal architecture, we meticulously designed an 
tubular structure of alternating C-shape C rings and wholly inter-
connected VF rings. It should be noted that the C-shape design is based 
on a comprehensive consideration of structural integration, mechanical 
adaptability, and physiological function. Firstly, the embedding VF rings 

Fig. 7. Instant segmental trachea repair by direct end-to-end anastomosis in rabbits. A) Schematic illustration of segmental trachea defect repair by direct end-to-end 
anastomosis. B) Photographs of the surgical procedures of direct end-to-end anastomosis to repair segmental trachea defects (i-iv) and gross view of the reconstructed 
trachea segment at 8-weeks post-surgery (v-viii). Red arrows represent the reconstructed trachea. Blue dotted line represents the regenerated interface between RT 
and NT. C-E) Histological staining of H&E, Safranin-O (SO), and Masson’s trichrome (MT), as well as immunofluorescence staining of COL II (green), α-SMA (red), 
CD31 (orange), and cell nuclei (DAPI, blue) in both transverse and longitudinal sections of the reconstructed trachea at 8-weeks post-surgery. F) Immunofluorescence 
staining of keratin (green) shows regeneration of the tracheal epithelium at 8-weeks post-surgery. RT: reconstructed trachea; NT: native trachea. 
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into C rings depends on C-shape characteristics to enable the firm 
structural integration after interfacial photopolymerization of the 
interpenetrating GC-GE gel network. Additionally, the C-shape tracheal 
structure effectively dissipates anisotropic forces, which enables adap-
tion to physiologically dynamic movements, while the O-shape tracheal 
structure bears isotropic mechanical compression without stress dissi-
pation. Consistent with the finite element analysis, in vivo experiments 
further confirmed reconstruction of favorable mechanical properties, 
such as lateral bending flexibility and anisotropic compressive resis-
tance. More importantly, histological examination also verified that the 
C-shape structural design allowed efficient reconstruction of the com-
plete vascular network throughout the whole tubular structure to supply 
abundant blood and nutrients for bulk cartilage regeneration. 

The ultimate purpose of the current study was to achieve segmental 
trachea defect repair using 3D-bioprinted C-shape biomimetic CVFIT. 
Recently, some studies have proposed a direct trachea defect repair 
strategy with cellular or acellular tracheal constructs, which innova-
tively achieved direct one-step replacement using tissue-engineered 
trachea [20,47]. In contrast to the conventional two-step method by 
mean of intramuscular pre-implantation, the one-step surgical mode of 
direct end-to-end anastomosis has the unique advantages of instant 
repair and highly efficient tissue regeneration without long-time wait-
ing. In this study, we combined 3D-bioprinted C-shape biomimetic 
CVFIT with a silicone tube-based inner support to provide sufficient 
mechanical strength and structural stability for instant repair surgery. 
Moreover, although intramuscular pre-implantation was omitted, his-
tological evaluation in rabbit models also presented mature cartilage 
regeneration with an interconnected vascular network. Actually, highly 
efficient trachea regeneration is attributable to the tissue-specific me-
chanical and biological microenvironment promoting cartilage and 
fibrous tissue regeneration. Additionally, precise design of the bio-
mimetic architecture enables mechanical adaptability to physiologically 
dynamic movements, thus improving the surgical success rate. Although 
the 3D-bioprinted C-shape biomimetic trachea showed satisfactory re-
sults in the current study, there are still some challenges when consid-
ering the subsequent translational application. Firstly, the design of 
pre-epithelialization needs to be considered instead of relying on the 
migration of its own epithelial cells. In addition, the surgical procedure 
for instant end-to-end anastomosis should be improved because the 
overlap between the regenerated trachea and the native trachea is un-
avoidable at present (Fig. S9). Moreover, it is necessary to further verify 
the feasibility over a longer period in large animal models for the future 
clinical application. 

5. Conclusion 

In summary, we developed a novel strategy for segmental trachea 
reconstruction through direct end-to-end anastomosis using 3D-bio-
printed C-shape biomimetic trachea. In the current study, we easily 
prepared two types of tissue-specific matrix hydrogels with desired 
mechanical and biological microenvironment for cartilage and fibrous 
tissue regeneration. The C-shape tracheal structure of alternating C and 
VF rings was rapidly 3D-bioprinted by optimizing the printing paths, 
and thus satisfactorily meet the requirements of structural integration, 
mechanical adaptability, and physiological function. Furthermore, both 
in vivo trachea regeneration by subcutaneous implantation and in situ 
segmental trachea reconstruction by direct end-to-end anastomosis were 
successfully achieved using 3D-bioprinted C-shape biomimetic trachea. 
Although the current work represents a proof-of-concept study, we are 
fully verified the feasibility of instant and efficient trachea reconstruc-
tion strategy by 3D-bioprinting technique, and thus would offer a 
promising alternative treatment for segmental trachea defects. 
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