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A B S T R A C T

The construction and regeneration of tissue-engineered auricles are pacesetters in tissue engineering and have 
realized their first international clinical application. However, the unstable regeneration quality and insufficient 
mechanical strength have become significant obstacles impeding its clinical promotion. The perichondrium is 
indispensable for the nutritional and vascular supply of the underlying cartilage tissue, as well as for proper 
anatomical functioning and mechanical performance. This study presents a novel strategy for integrated con
struction of bioengineered perichondrium with bioprinted cartilage to enhance the regeneration quality and 
mechanical properties of tissue-engineered auricles. Simulating the anatomical structure of the native auricle 
designs a sandwich construction model containing bilateral perichondrium and intermediate cartilage, 
employing a photocrosslinkable acellular cartilage matrix and gelatin bionics matrix microenvironment, 
applying co-cultured auricular chondrocytes and adipose-derived stem cells creates functional cell populations, 
designing hatch patterns imitates microscopic arrangement structures, utilizing sacrificial materials forms 
interlaminar network traffic to enhance the tight connection between layers, and finally, assessing the regen
erative quality of the constructs explores their feasibility and stability. The multi-level and multi-scale bio
mimetic construction strategy overcomes the technical limitation of the integrated construction of 
perichondrium-wrapped auricles and realizes biomimicry in morphology, structure, and biomechanics. Alto
gether, this study provides a technical reference for the hierarchical construction of complex tissues and pro
motes the clinical translation and application of engineered tissues or organs.

1. Introduction

Auricle defects caused by congenital diseases and acquired trauma 
are common in the clinic and seriously affect the physical and psycho
logical health of patients [1,2]. Currently, the most effective treatment is 
auricle reconstruction based on autogenous cartilage carving [3,4]. 
However, auricle reconstruction has the disadvantages of high trauma, 
imprecise morphology, and many postoperative complications [5,6]. 
The rapid development in tissue engineering and regenerative medicine 
has provided promising strategies for auricle reconstruction [7,8]. Our 
team has successfully identified the first international clinical applica
tion of tissue-engineered auricles [9,10], revealing their great potential 
for clinical translation. However, the postoperative follow-up showed 
that the three-dimensional structure of tissue-engineered auricles 

gradually blurred, atrophied, deformed, and collapsed, resulting in un
satisfactory long-term clinical effects. Therefore, the unstable regener
ation quality and insufficient mechanical strength of tissue-engineered 
auricles have limited their clinical application.

Macroscopic properties of the auricle are closely related to its matrix 
composition and microstructure [11,12]. The native auricle is lined by a 
stratified tissue called the perichondrium [13]. Unlike the underlying 
cartilage, perichondrium is indispensable for the nutritional and 
vascular supply of the underlying cartilage tissue and becomes invalu
able to the maintenance of transplanted cartilage constructs [14]. 
Perichondrium might also be implicated in the metabolic regulation of 
cartilage, determining the proper functioning of chondrocytes, and 
inhibiting calcification. And the presence of the perichondrium layer is 
crucial to the flexibility of human auricular cartilage [15,16]. The 
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structural role of perichondrium is essential for proper anatomical 
functioning and maintenance of the integrity of an engineered auricular 
graft. Cartilage-specific matrix components and microstructural fea
tures, together with the perichondrium wrapping, provide the auricle 
with good properties and strength. Therefore, simulating the matrix 
composition and microstructure of perichondrium-wrapped auricle 
through component and structural bionics may be a breakthrough in 
solving the unstable regeneration quality and deficiency in mechanical 
properties.

With the advancement of tissue engineering, it is necessary to 
construct bioengineered perichondrium because without this crucial 
tissue, the function of engineered cartilage for auricular reconstruction 
is incomplete and may not be suitable for long-term reconstructive 
goals. Meanwhile, the rapid development of three-dimensional bio
printing technology has enabled the combined construction of multiple 
cells and materials, providing technical support for the biomimetic 
construction of tissues and organs [17,18]. The central hypothesis of 
biofabrication is that the defined positioning of cells in a 
three-dimensional hierarchical manner aids the formation of complex 
tissue, where complexity is required to replicate the cellular microen
vironment and communication pathways more reflective of the in vivo 
environment [19,20]. Since its advent, three-dimensional bioprinting 
technology has attracted much attention for the construction of auric
ular cartilage because of its remarkable advantages, such as personali
zation, accuracy, intelligence, and standardization [21,22]. However, 
integrated biomimetic construction of perichondrium-wrapped auric
ular cartilage tissue has not been reported. This study presents a novel 
strategy for integrated construction of bioengineered perichondrium 
with bioprinted cartilage with a hierarchical structure by mimicking the 
matrix composition and microstructure, and the multi-level and 
multi-scale biomimetic construction strategy overcomes the technical 
limitation of the integrated construction of perichondrium-wrapped 
auricles and realizes biomimicry in morphology, structure, and 
biomechanics.

2. Materials and methods

2.1. Materials and animals

Unless otherwise stated, all chemicals were of reagent grade and 
were supplied by Sigma–Aldrich (St. Louis, USA). New Zealand white 
rabbits (female, 2 months old). BALB/c nude mice (female, 8 weeks old) 
were purchased from the Beijing Longan Experimental Animal Breeding 
Center and Beijing Vital River Laboratory Animal Technology Co., Ltd. 
Animal experiments were approved by the Animal Care and Experiment 
Committee of the Plastic Surgery Hospital (Institute), Chinese Academy 
of Medical Sciences and Peking Union Medical College (Beijing, China).

2.2. Preparation of ECM-biomimetic hydrogel

Excess tissues and fascia on the surface of fresh auricular cartilage 
were removed to obtain cartilage pieces, which were then frozen and 
ground into cartilage powder after cooling with liquid nitrogen. The 
cartilage powder was sequentially treated with 0.5 % trypsin, a nuclease 
solution (containing 50 U/mL deoxyribonuclease and 1 U/mL ribonu
clease A in 10 mM Tris-HCl, pH 7.5), 10 mM Tris-HCl (containing 10 U/ 
ml aprotinin), and 1 % Triton X-100 solution for decellularization, as 
previously described [23,24]. Following the freeze-drying process, the 
decellularized cartilage powder was treated with 0.15 % collagenase 
solution, dialyzed against deionized water for 3 days, frozen, and 
lyophilized to obtain water-soluble acellular cartilage matrix (ACM). To 
prepare a photocrosslinkable hydrogel, water-soluble ACM was modi
fied with methacrylic anhydride (MA) as previously described [25,26]. 
Briefly, 0.5 g of water-soluble ACM was dissolved in deionized water, 
and MA was added at a rate of 0.5 mL/min in an ice bath. The pH was 
maintained at 8–10 using 5 M NaOH, and the reaction continued 

overnight under constant stirring at 4 ◦C. After the reaction, the solution 
was neutralized with 1 M HCl and dialyzed using a 3500 D dialysis 
membrane in distilled water for 3 days, followed by freezing and 
lyophilization.

The ECM-biomimetic hydrogel was prepared 12 h before cell 
encapsulation, as previously reported [21]. Briefly, a certain amount of 
lyophilized ACMMA and gelatin methacrylate (GelMA) were weighed 
and fully dissolved in the culture medium to achieve a final concentra
tion of 5 % each for ACMMA and GelMA. A certain amount of lithium 
acylphosphinate photoinitiator (LAP) was added, and the final concen
tration was maintained at 0.25 %. polyethylene oxide (PEO) powder 
(average Mw = 300,000), a pore-forming agent, was dissolved in this 
solution to obtain a final concentration of 1 % PEO solution. All the 
above hydrogel formulations were fully mixed by continuous stirring, 
sterilized with syringe filters (0.45 μm pore size), and stored in an 
incubator away from light. Finally, photocrosslinkable ACMMA-based 
hydrogels were induced by exposure to blue light (wavelength: 405 
nm; light source: LED; intensity: 20 mW/cm2; distance: 10 cm; exposure 
time: 30 s).

2.3. Isolation and cultivation of human ADSCs and auricular 
chondrocytes

Human adipose-derived stem cells (ADSCs) were isolated from dis
carded subcutaneous adipose tissue obtained by liposuction. Briefly, the 
collected adipose tissue was repeatedly washed with phosphate buffer 
saline (PBS) to remove connective tissue membranes and capillaries and 
then cut into chyliform. Adipose tissue was digested with 0.1 % colla
genase type I to isolate ADSCs under gentle agitation at 37 ◦C, as pre
viously described [27]. Then, the ADSCs were harvested, cultured, and 
expanded in a human mesenchymal stem cell medium (MesenCult™ 
Proliferation Kit, Stem Cell Technologies, Vancouver, BC, Canada) at 
37 ◦C with 95 % humidity and 5 % CO2. The ADSCs at the third passage 
were harvested and used for subsequent experiments after phenotypic 
identification using flow cytometry.

Under aseptic conditions, auricular cartilage was obtained from New 
Zealand white rabbits and minced into 1 mm3 pieces. The cartilage 
pieces were washed with PBS and digested with 0.15 % collagenase type 
II to isolate chondrocytes under gentle agitation at 37 ◦C, as previously 
described [28]. Next, the chondrocytes were harvested, cultured, and 
expanded in high glucose Dulbecco’s modified Eagle medium (DMEM, 
Gibco, Grand Island, NY) containing 10 % fetal bovine serum (FBS, 
Gibco, Grand Island, NY) and 1 % penicillin–streptomycin-neomycin 
antibiotic (PSN, Gibco, Grand Island, NY) at 37 ◦C with 95 % humidity 
and 5 % CO2. After the second passage, the chondrocytes were harvested 
for further experiments.

2.4. Cell viability, proliferation, and tracking

After 1, 4, and 7 days of culture, the viability of cells encapsulated in 
hydrogels with different filling structures was evaluated using a Live and 
Dead Cell Viability Assay (Invitrogen, USA) following the manufac
turer’s instructions and examined using confocal fluorescence micro
scopy [29]. Five randomly selected visual fields per specimen were used 
to quantify cell viability using ImageJ software. In addition, DNA con
tent was used to further assess cell proliferation capacity using a total 
DNA quantification assay (PicoGreen dsDNA assay, Invitrogen, USA), 
following the manufacturer’s instructions, and measured using a fluo
rescence microplate reader.

To clarify the distribution of ADSCs and chondrocytes in the peri
chondrium and cartilage layers, different CellTracker™ fluorescent 
probes (Invitrogen, USA) were used to label the ADSCs and chon
drocytes. Briefly, the ADSCs and chondrocytes were collected and pre
pared into single-cell suspensions, and the pre-warmed CellTracker™ 
Orange CMRA and CellTracker™ Green CMFDA working solutions were 
gently added, respectively. After incubation for 30 min under 
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appropriate growth conditions, the working solution was removed and 
then imaged using appropriate emission and excitation filters, according 
to the manufacturer’s instructions [30].

2.5. FEA of different pattern-filling constructs

Samples were obtained from three constructs with different filling 
patterns using three-dimensional bioprinting. The three constructs were 
10 mm in length, 5 mm in width, and 2.5 mm in height. The load-bearing 
capacities of the three different constructs were simulated using FEA, as 
previously reported [31]. Briefly, the modeling parameters and para
metric equations were determined according to the parameters of the 
three different printing models, and the CAD models of the line, wave, 
and honeycomb patterns were established using Creo 5.0. Then, the 
three different models were meshed using Hypermesh 2020 software 
(Altair Engineering Inc., USA) to establish the simulation model for the 
FEA. Next, the three structures were subjected to compression analysis 
using Abaqus/Standard 2019 software (Dassault Systems Simulia Corp., 
Providence, RI, USA). Downward compression (0.5 mm) was applied to 
the platen to simulate 10 % compressive deformation. The Young’s 
modulus and Poisson’s ratio used for the FEA were obtained in advance 
from the mechanical tests of the corresponding units. Considering the 
nonlinearity of the geometric deformation, the theory of 
large-deformation analysis of linear elastic materials was adopted to 
calculate and analyze the displacement deformation, stress distribution, 
and load-bearing capacity of the three constructs.

2.6. Bioprinting of the cell-laden constructs with different pattern-filling

A three-dimensional digital model of the cuboid shape with di
mensions of 10 mm × 5 mm × 2.5 mm was constructed using Perfactory 
RP software (Version 3.2). After performing the layering process (layer 
height: 320 μm, number of layers: 8 layers), the three-dimensional 
digital model was exported to Visual Machines software (Version 
2.10) to design the internal structure. According to the structural char
acteristics of the native auricle, three types of internal structures were 
designed, including line-pattern, wave-pattern, and honeycomb-pattern, 
and detailed parameters, such as strand spacing, period, and amplitude, 
were adjusted (Table S1). Auricular chondrocytes were collected and 
mixed with the ECM-biomimetic hydrogel formulation precursors at a 
concentration of 2.5 × 107 cells/mL. After temperature stabilization, 
bioprinting was performed using a three-dimensional Bioplotter (Envi
sion TEC, Germany) with the printing parameters listed in Table S1. 
During the bioprinting process, photocrosslinkable bioink was solidified 
under continuous irradiation from a blue light source. Finally, cell-laden 
constructs with different filling patterns were constructed and cultured 
in a medium that was then transplanted subcutaneously into nude mice 
to observe cartilage formation in vivo.

2.7. Bioprinting of the sandwich constructs with biomimetic hierarchical 
structures

According to the anatomical characteristics of the perichondrium- 
wrapped auricle, a sandwich construction with biomimetic hierarchi
cal structures was designed, which included the perichondrium on both 
sides and the cartilage in the middle. In addition, two bio-ink formula
tions and two construction patterns were designed based on the ECM 
composition, functional cell types, and microstructural characteristics of 
the perichondrium and cartilage. Bio-ink formulation precursors were 
prepared as described above (a) Perichondrium-bioink: 10 % GelMA, 1 
% PEO, 0.25 % LAP, 5.0 × 106 cells/mL ADSCs co-cultured with 2.0 ×
107 cells/mL chondrocytes; (b) Cartilage-bioink: 5 % ACMMA, 5 % 
GelMA, 1 % PEO, 0.25 % LAP, and 2.5 × 107 cells/mL chondrocytes. The 
three-dimensional digital model of the sandwich structure with 8.4 mm 
× 8.4 mm × 2.0 mm in dimensions was constructed, and the detailed 
printing parameters are shown in Table S2. The digital model was sliced 

into six layers, where the first and sixth layers were designed as peri
chondrium layers using perichondrium bio-ink and filled with a wave 
pattern, whereas the middle four layers were designed as cartilage using 
cartilage bioink and filled with a honeycomb pattern. The contours of 
the six layers were printed using perichondrium bioink to ensure that the 
regenerated cartilage was wrapped by the regenerated perichondrium.

2.8. Bioprinting of the auricular constructs with biomimetic hierarchical 
structures

Three-dimensional digital models of the human auricle were recon
structed and prepared using three-dimensional laser scanning and a CAD 
system (CAD, 3DPRO Technology Co., Ltd., Shanghai, China), as pre
viously described [32,33]. The bioprinting process of the auricular 
digital models consisted of two patterns: (a) the first and last layers, as 
well as the contours of all layers, were designed as perichondrium layers, 
using perichondrium bioink filled with a wave pattern; (b) the middle 21 
layers were designed as cartilage, using cartilage bioink filled with a 
honeycomb pattern; the detailed printing parameters are shown in 
Table S3. According to the designed biomimetic hierarchical structures, 
perichondrium-wrapped auricular substitutes were constructed inte
grally based on the layer-by-layer deposition printing method with 
multiple nozzles by applying the optimized bioink formulation, cell 
type, density, and printing parameters. After bioprinting and cross
linking, the perichondrium-wrapped auricular constructs were cultured 
and subcutaneously transplanted into nude mice for regeneration to 
form auricles with biomimetic hierarchical structures.

2.9. Three-dimensional reconstruction and morphological analysis

After 24 weeks of culture in vivo, the regenerated perichondrium- 
wrapped auricular cartilage was collected and scanned using a Quan
tum GX Micro Computed Tomography (micro-CT) Imaging System 
(PerkinElmer, USA) to obtain DICOM files. The DICOM files were im
ported into Mimics Medical software (version 21.0, Materialise, 
Belgium) for three-dimensional reconstruction to generate STL files. The 
three-dimensional reconstruction model files, as well as the initial dig
ital model files, were inputted into the Geomagic Control software 
(version 2015), setting the initial digital model as the reference and the 
three-dimensional reconstruction model as the test. After precise fitting 
and adequate alignment, the morphological similarity of the two models 
was analyzed using a three-dimensional deviation comparison and dis
played as a deviation chromatogram, as previously reported [34,35].

2.10. Histological, immunohistochemical, and immunofluorescence 
analysis

Specimens from different groups were collected and subjected to 
histological and immunohistochemical analyses, as described previously 
[28]. Briefly, all samples were fixed in 4 % paraformaldehyde, 
embedded in paraffin, and sectioned into 4 μm-thick slices. The tissue 
sections were then stained with hematoxylin-eosin, Safranine O-fast 
green, Masson’s trichrome, elastic van Gieson, and picrosirius red to 
evaluate their histological structure and cartilage-specific ECM deposi
tion in the regenerated tissue. The expression of type I and type II 
collagen was detected using monoclonal antibodies against collagen I 
(ab138492, 1:500; Abcam, Cambridge, UK) and collagen II (MS-306-P1, 
1:200; Invitrogen, USA), followed by incubation with the corresponding 
horseradish peroxidase-conjugated secondary antibodies. All antibodies 
were diluted using antibody diluents (Invitrogen, USA) and stained with 
diaminobenzidine tetrahydrochloride (DAB, Dako, Denmark).

To determine the primary cellular origin of the regenerated 
perichondrium-wrapped cartilage tissue, tissue sections were incubated 
with a monoclonal antibody against Lamin A/C (ab8984, 1:200; Abcam, 
Cambridge, UK), a human nuclear envelope marker that specifically 
identifies full-length Lamin A/C in human cells [36]. After incubation 
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with a horseradish peroxidase-conjugated secondary antibody, the sig
nals were amplified and detected using Tyramide Signal Amplification 
(TSA) Plus Cyanine 3 (Cy3). The primary antibodies for type I collagen, 
type II collagen, and the corresponding horseradish 
peroxidase-conjugated secondary antibodies were incubated sequen
tially according to the steps described above. Hybridization signals were 
amplified and visualized using TSA plus Cyanine 5 (Cy5) for collagen I 
and TSA Plus fluorescein for collagen II. Finally, the nuclei were coun
terstained with 4, 6-diamino-2-phenylindole, and fluorescence images 
were collected using a Leica fluorescence microscope (Leica DM IRB).

2.11. Visualization of collagen fiber orientation and alignment 
quantification

Tissue sections stained with picrosirius red were imaged using PLM 
(BX-45; Olympus, Hamburg, Germany) to visualize collagen fiber 
orientation as previously described [37]. Both native and engineered 
tissues were divided into perichondrium and cartilage zones. Quantifi
cation of the average fiber orientation and dispersion was performed 
using the directionality plugin in ImageJ software, and fiber coherency 
and color maps were determined using OrientationJ, an ImageJ plugin 
developed in-house based on structure tensors [38]. The structure sen
sors are matrix representatives of the partial derivatives, and the Ori
entationJ plugin was used to evaluate the local orientation and isotropic 
properties (coherency and energy) of each pixel of the image.

2.12. Biochemical quantification and biomechanical analysis

Specimens from different groups were collected and minced for 
relevant biochemical evaluations, including DNA, glycosaminoglycan 
(GAG), and total collagen content, according to previously established 
protocols [39]. Briefly, DNA, GAG, and total collagen contents were 
measured using Quant-iT™ PicoGreen® dsDNA assay, Dimethyl
methylene Blue assay, and Hydroxyproline assay kit, respectively. The 
expression of cartilage-related genes, such as aggrecan, collagen type II 
alpha 1, collagen type IX alpha 1, elastin, and SRY-box transcription 
factor IX; and perichondrium-related genes, such as collagen type I alpha 
1, collagen type III alpha 1, fibroblast activation protein alpha, fibrillin 
1, and actin alpha 2 smooth muscle, as well as the expression of pro
liferation and vascular-related genes, such as fibroblast growth factor 1, 
transforming growth factor beta 1, insulin-like growth factor 1, vascular 
endothelial growth factor A, and von Willebrand factor were analyzed 
quantitatively with the SYBR Green using LightCycler® 96 Real-Time 
PCR system (Roche Ltd) according to a previously established method. 
Forward and reverse primer sequences were designed based on pub
lished gene sequences from the National Center for Biotechnology In
formation and PubMed (Tables S4 and S5). The relative expression levels 
for each gene were normalized with glyceraldehyde phosphate dehy
drogenase and analyzed using the 2− ΔΔCT method.

Biomechanical performance was analyzed using a biomechanical 
analyzer (Instron-5967, Canton, MA, USA). All specimens were refined 
into cylindrical and dumbbell shapes for the compressive, tensile, and 
flexural tests. Compression tests were performed at a constant strain rate 
of 1 mm/min until 80 % of maximum deformation was achieved, tensile 
tests were performed at a strain rate of 2 mm/min until failure, flexural 
tests were performed at a strain rate of 2 mm/min until 10 % defor
mation, and Young’s modulus was calculated based on the slope of the 
stress-strain curve. A humidifier was used to maintain ambient humidity 
during all the tests.

2.13. Transcriptome analysis of native and engineered tissues

Native and engineered auricular tissues were carefully separated into 
perichondrium and cartilage regions, which were collected separately 
and then used for transcriptome analysis. Briefly, samples from all 
groups were ground in liquid nitrogen, and total RNA was isolated and 

extracted using the TRIzol reagent (Invitrogen, USA) according to the 
manufacturer’s instructions. The total amount and integrity of RNA 
were assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 
2100 system (Agilent Technologies, CA, USA). Thereafter, mRNA was 
purified from total RNA using poly T oligo-attached magnetic beads and 
reverse transcribed into cDNA fragments. RNA-seq libraries were ob
tained by purifying the fragments and PCR products using the AMPure 
XP system (Beckman Coulter, Beverly, USA). After identification using 
the Agilent 2100 bioanalyzer, the libraries were subjected to paired-end 
sequencing using the Illumina NovaSeq 6000 (Illumina, USA) according 
to the manufacturer’s protocol. Mapping and enrichment analyses were 
performed as previously described [40]. Briefly, the index of the refer
ence genome was built using Hisat2 (v2.0.5), and paired-end clean reads 
were aligned to the reference genome using Hisat2 (v2.0.5). Differential 
gene expression and enrichment analyses were performed using Gene 
Ontology (GO), the Kyoto Encyclopedia of Genes and Genomes (KEGG), 
and Gene Set Enrichment Analysis (GSEA) in the R software. The 
resulting P-values were adjusted to control for the false discovery rate. 
P-values <0.05 and | log2(fold change) | > 1 were set as the threshold for 
significantly differential expression or differential enrichment. 
Protein-protein interactions (PPI) analysis of differentially expressed 
genes was based on the STRING database, which is available for known 
and predicted Protein-Protein Interactions.

2.14. Statistical analysis

All quantitative data were collected from at least five replicate ex
periments and are expressed as means ± standard deviation. After 
testing for normal distribution, differences between the groups were 
evaluated using the student’s t-test or one-way analysis of variance using 
GraphPad Prism 8.0 software, and a P-value <0.05 was considered 
statistically significant.

3. Results

3.1. Characterization of native auricle and different pattern-filling 
constructs

The normal anatomical structure and histological characteristics of a 
native auricle are shown in Fig. 1A. Gross view showed that a native 
auricle is mainly divided into three layers consisting of bilateral peri
chondrium and middle cartilage. Histologically, perichondrium on both 
sides consists of several layers of fibrous tissue, and the extracellular 
matrix is composed mainly of type I collagen, with no expression of type 
II collagen. Collagen fibers are arranged in parallel and scattered 
throughout the blood vessels. In the area close to the cartilage, the fibers 
anchored and grew into the cartilaginous matrix, which was tightly 
bound to the cartilage. Chondrocytes in the cartilage exist in the carti
lage lacunae. The ECM is mainly composed of type II collagen and 
elastin, similar to the honeycomb reticular arrangement. We speculate 
that the parallel arrangement of collagen fibers of the perichondrium 
bilayers improves tensile strength, whereas the honeycomb reticular 
structure in the cartilage improves the compressive strength of the 
auricle, which was confirmed by the results of biomechanical tests. As 
shown in Fig. 1B, the compressive and tensile moduli of the cartilage 
perichondrium-wrapped auricle were significantly higher than those 
without the perichondrium. When the cartilage tissue is ruptured by an 
external force, preserving the perichondrium can effectively maintain 
the integrity of the cartilage tissue. Therefore, the ECM components and 
structural characteristics, together with the wrapping by the perichon
drium, provide the auricle with good mechanical properties.

Therefore, the wave and honeycomb structures were designed by 
simulating the fiber arrangement characteristics of the perichondrium 
and cartilage and were compared with the conventional line pattern to 
explore the effects of the three different internal structures on the me
chanical properties. First, 10 % compressive deformation was simulated 
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using finite element analysis (FEA), and the global and local displace
ment deformation, stress distribution, and load-bearing capacity were 
analyzed (Fig. 1C). Statistically, the deformation of the wave pattern 
was the largest, and beyond 5 % strain, the load capacity no longer 
changed linearly (Fig. 1D). The deformation and stress of the line and 
honeycomb patterns were similar at 10 % compressive deformation; 

however, the line pattern showed a yield point beyond 8 % strain in 
which the deformation and load capacity no longer changed linearly, 
and the bearing capacity began to weaken. The line pattern has the 
highest local stress distribution, indicating that the internal stress dis
tribution was high, the ability to disperse the stress was poor, and the 
internal structure was at risk of fracture. In addition, the line pattern was 

Fig. 1. Characterization of native auricle and different pattern-filling constructs. (A) Gross view and histology of native perichondrium-wrapped auricle. (B) 
Compressive and tensile properties of native auricular cartilage with and without perichondrium. (C) Finite element analysis of different pattern-filling constructs 
(line, wave, and honeycomb). (D) Simulated compression curves, deformations, and stresses of different pattern-filling constructs. (E) Original bioprinted 
morphology, in vivo regenerated morphology, and shape fidelity of different pattern-filling constructs. (F) Compressive stress-strain curves, Young’s modulus, and 
shape fidelity of the original bioprinted constructs and in vivo regenerated tissues of different pattern fillings. *P < 0.05. **P < 0.01. ***P < 0.001.
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at risk of lateral deformation, indicating structural instability. The 
honeycomb pattern was linear at 10 % compressive deformation, and 
after further testing at approximately 20 % strain, it was still approxi
mately linear with no yield point, indicating that the bearing capacity 
could be continuously maintained. The local stress distribution and 
deformation of the honeycomb pattern were the smallest, indicating that 
it had a strong ability to dissipate stress and that the internal structure 
was not easily fractured. In addition, there was no risk of lateral 
displacement, indicating that the overall structure was stable.

Cell-laden constructs with line, wave, and honeycomb patterns were 
successfully developed using three-dimensional bioprinting technology, 
and real-time imaging revealed that the constructs have different in
ternal structures (Fig. S1). Due to layer accumulation, the morphological 
outline and internal structure of the constructs became visible. After 
bioprinting, a general view (Figs. S2A–C) of the constructs showed that 
they were morphologically stable and were not significantly different 
regarding volume, reflecting the accuracy and stability of the three- 
dimensional bioprinting technology. With the prolongation of culture 
time in vitro, the pores of the constructs gradually decreased in size and 
slightly increased in thickness, and the internal structure was still visible 
on day 7. In addition, to eliminate the interference of cell number and 
nutrient exchange caused by the filling ratio and porosity, printing pa
rameters were calculated and adjusted to ensure that the constructs had 
similar filling ratios, void fractions, and wet weights (P > 0.05, Figure S2 
D–F). However, it is worth noting that the thickness of the line pattern, 
as well as the failure strain and stress, were significantly lower than 
those of the wave and honeycomb patterns (P < 0.05, Figure S2 G–I), 
which may be due to the deposition angle of 0◦/90◦ in the line pattern. 
During layer-by-layer accumulation, the lack of complete support in the 
line pattern resulted in a certain degree of structural collapse. Because 
there was no transformation in the deposition angle in the wave and 
honeycomb patterns, complete support with a stable overall structure 
was achieved during layer-by-layer accumulation.

The internal structure of the scaffold not only affects the mechanical 
properties and stability of the constructs but may also influence cell 
activity and tissue formation. First of all, the effects of bioprinting cell- 
laden constructs with different patterns on cell activity were evaluated 
using Live/Dead staining. As shown in Fig. S3, the constructs with 
different patterns maintained good structure and morphology, the cells 
were evenly distributed with good viability, and there was no statisti
cally significant difference in cell survival. With the extension of the 
culture time, the cells grew well with a gradual increase in the number of 
living cells, indicating that the constructs with different structures had 
good biocompatibility and were suitable for three-dimensional culture. 
In addition, there was a higher density of living cells around the edges 
and pores, which may be related to more frequent nutrient exchange in 
these areas. Next, the effects of bioprinted constructs with different 
structures on cartilage regeneration were evaluated by in vivo experi
ments. As shown in Fig. 1E and Figs. S4A–C, the scaffolds with different 
patterns were uniform in size and with a clear structure before im
plantation. After 4 weeks in vivo, all the constructs of the different 
groups formed porcelain white cartilage-like tissue. Regarding 
morphological maintenance, the constructs with line patterns collapsed 
and shrank obviously, with a significantly smaller surface area and 
decreased thickness. The volume of the constructs with wave patterns 
showed no obvious change, but there was some deformation with a 
larger surface area and thinner thickness. The shape fidelity of the 
constructs with honeycomb patterns was the best, with no obvious 
deformation. In addition, in terms of mechanical properties, the Young’s 
modulus and failure stress of the constructs with honeycomb patterns 
were also significantly higher than those with the line pattern and wave 
patterns groups (Fig. 1F, Figure S4D and E), which also confirmed the 
above theoretical conjecture and the results of the FEA, and further 
demonstrated that the honeycomb structure helped improve the 
compressive resistance and overall stability. Histological and biochem
ical quantitative results showed that there were no statistically 

significant differences among the different groups (Figs. S4F–H). Mature 
cartilage lacunae, cartilage-specific matrix deposition, and neocartilage- 
like tissue formation could be seen in all the constructs with different 
patterns (Fig. S5), indicating that these three different internal struc
tures had no significant effect on the regeneration quality of the carti
lage tissue under the condition of a consistent scaffold filling ratio and 
void fraction.

3.2. Bioprinting and regeneration of sandwich constructs with 
hierarchical structures

To better simulate the microstructural arrangement characteristics of 
the natural auricle, an integrated layered construction strategy was 
proposed based on the concept of a sandwich structure. As shown in 
Fig. 2A, wave patterns arranged in parallel on the top and bottom sides 
were printed to simulate the perichondrium structure. Honeycomb 
patterns were printed in the middle area to simulate the cartilage 
structure, and sandwich constructs wrapped with perichondrium were 
integrated using layer-by-layer accumulation. In addition, by simulating 
the characteristics of collagen fibers protruding from the perichondrium 
and anchored in the cartilage matrix, PEO was used to form network 
communication, which not only provides space for cells to proliferate 
and secrete matrix but also promotes the tight connection between the 
perichondrium and cartilage. After realizing the integrated fabrication 
of perichondrium-wrapped cartilage constructs, cell distribution and 
behavior in the perichondrium and cartilage were evaluated. As shown 
in Fig. 2B, Live/Dead staining showed good cell growth (green fluores
cence) with few dead cells (red fluorescence) and wave and honeycomb 
patterns with well-maintained morphology. There was no significant 
difference in cell viability before and after bioprinting (Fig. 2C), 
demonstrating that the bioprinting process did not adversely affect cell 
survival. Over time, the DNA content of the cells in each group gradually 
increased, indicating a significant increase in the number of cells. 
Notably, the proliferation rates of cells with the wave and honeycomb 
patterns were significantly better than those before printing. We spec
ulate that this may be due to the pore structure formed after printing, 
which is conducive to the exchange of nutrients and promotes cell 
proliferation.

To clarify the distribution of different functional cells in the peri
chondrium and cartilage, chondrocytes and ADSCs were labeled and 
traced using different fluorescence probes: green for chondrocytes and 
orange for ADSCs (Fig. 2D). The cross-sectional view of the sandwich 
constructs showed that the functional cell population of the perichon
drium (ADSCs co-cultured with chondrocytes) was distributed on the 
upper and lower sides as well as the border area, whereas the functional 
cell group of the cartilage (chondrocytes) was distributed in the middle 
area. In addition, the bilateral layer of the perichondrium with wave 
patterns comprised perichondrium functional cells, the intermediate 
area with honeycomb patterns comprised cartilage functional cells, and 
the border area comprised perichondrium functional cells, indicating a 
successful construction of perichondrium-wrapped cartilage tissue. In 
other words, through the orientation and precise placement of the bio
ink, the macrostructure and geometric configuration of the cell popu
lation can be controlled to achieve structural biomimicry. 
Simultaneously, by adjusting the ratio of seed cells to biomaterials in the 
perichondrium and cartilage, biomimicry of functional cells and matrix 
components can be realized, thereby realizing the integrated biomimetic 
construction of perichondrium-wrapped cartilage tissue.

After three months of transplantation into nude mice, a cross- 
sectional view of the sandwich constructs showed the delamination of 
the engineered perichondrium (Eperichondrium) and cartilage (Ecarti
lage) compared with the homogeneous cartilage constructs (Figure S6 
and Figure S7). Histological analysis showed that the Eperichondrium 
on both sides had collagen fibers arranged in parallel with positive 
straining for collagen I. The middle-Ecartilage showed mature cartilage 
lacunae, positive staining for glycosaminoglycans, and deposition of 

L. Jia et al.                                                                                                                                                                                                                                       



Bioactive Materials 48 (2025) 100–117

106

collagen II and elastin. Histologically, the different layers of the sand
wich constructs showed that the Eperichondrium and Ecartilage were 
arranged in wave and honeycomb patterns, respectively, with good 
shape retention and a clear internal structure (Figure S8 and Figure S9). 
The perichondrium with a wave pattern had an alternating arrangement 
of fibers and cartilage, with collagen I interspersed with collagen II in a 
parallel arrangement. The inner filling area of the cartilage with a 
honeycomb pattern was a mature cartilage-like tissue with mature 
cartilage lacunae and abundant cartilage-specific matrix deposition, 
whereas the border area was a parallel arrangement of fibers with 
collagen I. In addition, under polarized light irradiation (PLM) after 
Sirius Red staining, the Eperichondrium showed strong yellow or red 
birefringence, and the fibers were closely arranged, while the Ecartilage 
showed weak green refraction and loose reticular distribution, further 
indicating that the Eperichondrium and Ecartilage were dominated by 

collagen I and II, respectively. These results provide preliminary evi
dence of the successful regeneration of sandwich constructs and a hi
erarchical structure similar to that of native auricle tissue. Notably, 
possibly due to the successful construction of a biomimetic hierarchical 
structure, the compressive, tensile, and bending moduli of the regener
ated tissue were significantly higher in the perichondrium-wrapped 
grafts (Fig. S10), indicating that the perichondrium-wrapped cartilage 
tissue fused into a monolithic structure and was able to withstand 
greater external forces. This further validates the theory that cartilage- 
specific matrix components, microstructural features, and perichon
drium wrapping impart good mechanical properties to Ecartilage.

Fig. 2. Bioprinting of cell-laden sandwich constructs with hierarchical structures. (A) Schematic illustration of bioprinting strategy for the sandwich structure and 
the gross view of the bioprinted cell-laden sandwich constructs. (B) Live/dead staining of the before printing, wave pattern, and honeycomb pattern constructs (green 
fluorescence and red fluorescence representing live cells and dead cells, respectively). (C) Cell viability and DNA content of the before printing, wave pattern, and 
honeycomb pattern constructs. (D) Chondrocytes and ADSCs were labeled with green fluorescence and orange fluorescence, respectively. (E) Cell tracking of 
chondrocytes and ADSCs in sandwich constructs with biomimetic hierarchical structures. **P < 0.01. ***P < 0.001.
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3.3. Bioprinting and regeneration of auricular cartilage with hierarchical 
structures

Furthermore, through the bioprinting of the aforementioned sand
wich structure, perichondrium-wrapped auricles with biomimetic hier
archical structures were fabricated based on the hierarchical structure, 
matrix components, functional cells, and arrangement characteristics of 
the native auricle. After slicing the three-dimensional digital model of 
the human auricle (14.0 × 24.0 × 7.5 mm), prepared by three- 
dimensional laser scanning and computer-aided design (CAD) technol
ogy, the outer shell and inter-core were designed as the perichondrium 
and cartilage layers, respectively (Fig. 3A). Then, the perichondrium and 
cartilage layers were bioprinted with the corresponding bioink to form 

wave and honeycomb patterns, respectively (Fig. 3B), and a 
perichondrium-wrapped auricle was fabricated through layer-by-layer 
accumulation (Fig. 3C–Movie S1). After 7 days of culturing, Live/Dead 
staining results showed that the cells in the constructs had good viability 
and that the perichondrium and cartilage layers retained their wave and 
honeycomb patterns, respectively (Fig. 3D).

Then, the perichondrium-wrapped auricles were transplanted sub
cutaneously into nude mice to investigate the regeneration quality in 
vivo. As shown in Fig. 3E, the auricle constructs on the backs of the nude 
mice maintained their original auricle shape after 24 weeks. The gross 
view after harvesting showed a porcelain-white cartilage-like tissue that 
maintained its original size, defining the auricle structure with good 
elastic properties because when external forces were removed, it quickly 

Fig. 3. Bioprinting and regeneration of perichondrium-wrapped auricles with hierarchical structures. (A) The three-dimensional digital model of human auricle and 
schematic diagram of the internal patterns. (B) Schematic illustration of the layered bioprinting strategy for the perichondrium-wrapped auricle. (C) Integrated 
bioprinting process of perichondrium-wrapped auricular constructs. (D) Live/Dead staining of bioprinted perichondrium-wrapped auricular constructs. (E) Gross 
view of the regenerated perichondrium-wrapped auricular cartilage at 24 weeks in vivo. (F) Micro-CT scan images and three-dimensional reconstruction images of 
the engineered perichondrium-wrapped auricular cartilage. (Yellow arrows: preserved honeycomb structure of the cartilage layer) (G) Three-dimensional deviation 
comparison of the engineered perichondrium-wrapped auricular cartilage.
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returned to its original state without being destroyed (Movie S2). 
Ideally, the shape and size of engineered auricle substitutes should 
match the original digital model. Tomographic scanning of the regen
erated auricle substitutes was performed using micro-CT, showing well- 
defined contours in all sections (Fig. 3F–Movie S3–5), whereas the 

honeycomb structure of the cartilaginous layer was preserved in the 
coronal sections (yellow arrows). The densities of the perichondrium 
and cartilage were too similar to distinguish and segment the scanned 
images. After three-dimensional reconstruction, the engineered auricle 
substitutes were fitted and aligned with the original digital model, and a 

Fig. 4. Regenerative quality of engineered perichondrium-wrapped auricular tissue with hierarchical structures. Gross view and histological staining (H&E, SO/FG, 
Masson, EVG, Collagen I, Collagen II, Picrosirius Red, and Lamin A/C) of (A) Wavy perichondrium layer and (B) Honeycomb cartilage layer of the engineered 
perichondrium-wrapped auricular tissue at 24 weeks in vivo. (White arrows: positive staining of human nuclei with red fluorescence).
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three-dimensional deviation comparison was performed to quantify 
morphological similarity (Movie S6 and S7). The morphological simi
larity was measured using a deviation chromatogram, and the deviation 
reached 89.39 ± 1.86 % in the range of ±1 mm (Fig. 3G), indicating that 
the original auricle morphology was essentially maintained after 24 
weeks of culture in vivo.

After successfully regenerating the perichondrium-wrapped auricle, 
it is necessary to clarify the formation quality of each layer. As shown in 
Fig. 4, the coronal sections of the perichondrium and cartilage layers 
exhibited wave and honeycomb patterns, respectively, with well- 
maintained shapes and clear internal structures. Histologically, the 
perichondrium layer with a wave pattern showed an alternating 
arrangement of fibrous and cartilaginous tissues, and collagen I was 
interspersed with collagen II in a parallel arrangement. The inner 
honeycomb-patterned area of the honeycomb cartilage layer was mature 
cartilage-like tissue with mature cartilage lacunae and a large number of 
cartilage-specific matrix depositions, whereas the border area showed a 
parallel arrangement of fibrous tissue with collagen I. Similarly, the 
perichondrium region showed strong yellow or red birefringence, and 
the fibers were tightly arranged, whereas the cartilage region showed 
weak green refraction and reticular distribution, further indicating that 
the perichondrium and cartilage contained type I and type II collagen, 
respectively. Consistent with the histological results, the expression of 
chondrogenesis and fibrogenesis related proteins (Fig. S11) indicated 
that the engineered cartilage exhibited high expression of 
chondrogenesis-related proteins, while the engineered perichondrium 
demonstrated high expression of fibrogenesis-related proteins. The 
engineered tissues exhibited comparable protein expression trends and 
approached the protein expression levels observed in native tissues.

To further identify the distribution and origin of the functional cells 
in the Eperichondrium and Ecartilage, Lamin A/C (a human nuclear 
envelope marker) was used to identify human ADSCs in the constructs. 
Immunofluorescence analysis showed that the transplanted human 
ADSCs survived for a long time and maintained their phenotype. Most 
ADSCs remained in the perichondrium, while some migrated to the 
cartilage, further suggesting the successful establishment of inter
lamellar network connections. Positive areas of the human nucleus in 
the perichondrium or cartilage were consistent with the deposited areas 
of collagen I, indicating that type I collagen fibers are likely to be 
differentiated and secreted by human ADSCs. Additionally, the pores in 
the honeycomb cartilage showed the deposition of type I collagen, and 
human nucleus staining was positive, suggesting that it probably 
migrated and was secreted by human ADSCs in the adjacent perichon
drium, confirming a successful establishment of interlamellar network 
traffic, which contributes to the promotion of a tight connection be
tween the perichondrium and cartilage.

3.4. Visualization and quantitative analysis of collagen fiber orientation

Successfully engineered substitutes require biomimetic composi
tions, architectures, and mechanical properties akin to those of native 
tissue. The scanning electron microscopic (SEM) images in Fig. 5A and B 
demonstrate that the regenerated tissue possessed a hierarchical struc
ture and collagen fiber network resembling that of native tissue. Spe
cifically, the collagen fibers in the perichondrium were arranged in 
parallel, while the chondrocytes in the cartilage were uniformly 
distributed within a matrix, resembling a honeycomb reticular structure. 
The overall performance of biological tissues is largely determined by 
the orientation and distribution of collagen fibrils. Thus, PLM was uti
lized to assess the histological degree of collagen fibers, and the pre
dominant angles of collagen fiber orientation were analyzed in both the 
perichondrium and cartilage. Notably, the color and intensity of 
collagen birefringence are influenced by the alignment of collagen fi
brils, packing density, and fibril diameter. As depicted in Fig. 5C and D, 
densely packed and highly aligned collagen fibrils in the perichondrium 
regions exhibited yellow birefringence, whereas collagen fibers 

radiating in the cartilage regions displayed green birefringence. These 
characteristics were solely observed in normal mature tissue, suggesting 
a similarity between the engineered tissue and mature native tissue. 
Furthermore, the Eperichondrium area exhibited not only parallel yel
low birefringence but also radially arranged green birefringence, 
possibly due to the presence of a functional cell population containing 
chondrocytes in the perichondrium, which produced cartilage-specific 
type II collagen fibers.

To visualize the alignment of collagen fibers in native and engi
neered tissues, images were post-processed using the OrientationJ plu
gin in ImageJ to create a color survey map of fibril orientation as well as 
their coherency and orientation. Color wheels were provided to show 
how hue corresponds to fiber directionality; that is, red/pink corre
sponds to fibers that aligned towards 90◦, and cyan/blue corresponds to 
fibers that were oriented at 0◦. The collagen fibers in the perichondrium 
were mainly cyan or blue, indicating that the fibers were aligned parallel 
to 0◦. The collagen fibers in the cartilage exhibited a variety of colors, 
indicating that the fibers were oriented in all directions. Meanwhile, the 
high and low saturation of the perichondrium and cartilage regions 
indicated anisotropic and isotropic fiber orientations, respectively. 
Moreover, to quantify the orientation of collagen fibers, the local 
orientation histograms of all collagen fibers were summarized, and the 
orientation density of local angles was plotted in polar coordinates. The 
statistical results in Fig. 5E–H showed that the average fiber orientation 
of native perichondrium (Nperichondrium) and Eperichondrium was 
6.31 ± 3.38◦ and 10.96 ± 6.87◦, respectively (P < 0.05). The overall 
fiber orientation tended to be between − 15◦ and 15◦, and the pro
portions of Nperichondrium and Eperichondrium were 64.71 % and 
56.91 %, respectively. The average fiber orientation of native cartilage 
(Ncartilage) and Ecartilage was 66.65 ± 17.99◦ and 63.62 ± 18.23◦, 
respectively (P > 0.05), and the overall fiber orientation tended to be 
isotropic. Coherence is a measure of isotropic properties, ranging from 
0 (when the image is isotropic in the analyzed region) to 1 (when the 
local structure has a dominant orientation). Nperichondrium (0.47 ±
0.06) had a higher degree of collagen fibril organization than Eper
ichondrium (0.28 ± 0.03) (P < 0.001), whereas the difference in the 
degree of collagen fibril organization between Ncartilage (0.08 ± 0.04) 
and Ecartilage (0.11 ± 0.03) was minimal (P > 0.05).

3.5. Similarities and differences between engineered and native tissues

The engineered and native tissues were processed for transcriptome 
analysis to observe their differences and similarities. Ncartilage, Nper
ichondrium, Ecartilage, and Eperichondrium have co-expressed and 
differentially expressed genes (Fig. 6A). The difference scatter plot, 
clustering heatmap, and Pearson’s correlation heatmap revealed the 
differences and similarities between the groups, with the greatest dif
ferences between Ncartilage and Nperichondrium, and the highest 
similarities between Ecartilage and Eperichondrium (Fig. 6B–D). We 
speculated that this was because the Ecartilage and Eperichondrium had 
a uniform source of rabbit ear chondrocytes. Ecartilage more closely 
resembles Ncartilage than Eperichondrium, whereas Eperichondrium 
was more biased toward Nperichondrium than Ecartilage, suggesting 
that the Ecartilage tends to be oriented toward the cartilage, and the co- 
culture system in Eperichondrium has a tendency to be oriented toward 
the perichondrium. The next step was to characterize the differential 
information using GO and KEGG, which helped us understand the 
functional information of the differential genes in each group. Differ
entially expressed genes of the Ecartilage and Ncartilage were mainly 
enriched in functions related to migration, locomotion, localization, 
adhesion, communication, proliferation, and chondrogenic differentia
tion (Fig. 6E and F). The expression levels of chondrogenic-related genes 
(COL2A1, COL9A1, and COL9A2) and proliferation-related genes (FGF1 
and FOS) in the Ecartilage were still lower than those in the Ncartilage 
(Fig. 6G), indicating that Ecartilage is almost similar to Ncartilage; 
however, further improvement is needed regarding cell behavior and 
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Fig. 5. Visualization and quantitative analysis of collagen fiber orientation. SEM images of the perichondrium layer and cartilage layer of (A) native tissue and (B) 
engineered tissue. Picrosirius Red staining and visualization images of the perichondrium layer and cartilage layer of (C) native tissue and (D) engineered tissue. 
(Color wheels: red/pink corresponds to fibers aligned towards 90◦ and cyan/blue corresponds to fibers oriented at 0◦. Hue: Orientation. Saturation: Coherency.) 
Histograms of the local orientation in the perichondrium and cartilage layers of (E) native tissue and (F) engineered tissue. (G) Polar coordinate plots of local 
orientation density in the perichondrium layer and cartilage layers of native tissue and engineered tissue. (H) Statistical histograms of the orientation and coherency 
in the perichondrium and cartilage layers of native tissue and engineered tissue. Coherency (0–1): 0 (when the image is isotropic in the analyzed region) to 1 (when 
the local structure has a dominant orientation). *P < 0.05. ***P < 0.001.
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matrix secretion ability. In addition, GSEA revealed the five most sig
nificant differential pathways (Fig. 6H), which were only related to 
immunity, suggesting that the Ecartilage was highly similar to Ncarti
lage, whereas the variability in immunity may be caused by the intro
duction of cells of different species. Similarly, Eperichondrium and 

Nperichondrium were subjected to GSEA, which showed that their dif
ferential genes were mainly enriched in functions related to adhesion, 
localization, communication, migration, proliferation, chondrogenesis, 
fibrogenesis, and vasculature development (Fig. 6I and J). The expres
sion of genes related to cartilage development (COL2A1, COL9A1, and 

Fig. 6. Similarities and differences between engineered and native tissues. (A) Venn diagram, (B) Difference scatter plot (orange dots: FC > 2 and P-values <0.05; 
green dots: FC < 0.5 and P-values <0.05), (C) Clustering heatmap, and (D) Pearson’s correlation heatmap (red represents high-correlation and blue represents low- 
correlation) of comparisons among Ncartilage, Nperichondrium, Ecartilage, and Eperichondrium. (E) GO enrichment circle diagram, (F) KEGG enrichment clustering 
diagram and (G) enrichment chord diagram, as well as (H) GSEA enrichment diagram of differential genes between Ecartilage and Ncartilage. (I) GO enrichment 
circle diagram, (J) KEGG enrichment clustering diagram and (K) enrichment chord diagram, as well as (L) GSEA enrichment diagram of differential genes between 
Eperichondrium and Nperichondrium.
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SOX9) in the Eperichondrium was significantly higher than that in the 
Nperichondrium, whereas the expression of genes related to cell pro
liferation (FGF1, IGF1, and FOS), fibrogenesis (COL1A1, COL1A2, and 
COL6A5), and angiogenesis (VWF and FLT1) were lower than that in the 
Nperichondrium (Fig. 6K). In addition, GSEA suggested that the Eper
ichondrium was still deficient in adhesion, chemokines, proliferation, 
and angiogenesis compared with the Nperichondrium (Fig. 6L), indi
cating that the Eperichondrium needs to be further improved to be 
similar to the Nperichondrium in terms of cell behavior, fibrogenesis, 

and angiogenesis.
Next, the interaction between ADSC and chondrocytes in the co- 

culture system and their disparity with natural tissues needs clarifica
tion. The results of the comparison between the Nperichondrium and 
Ncartilage were used as a reference to clarify the discrepancy between 
the cartilage and perichondrium. Nperichondrium and Ncartilage had 
12,134 co-expressed genes, with perichondrium-specific expression of 
1410 genes and cartilage-specific expression of 1117 genes (Fig. 7A), 
and the upregulated genes in Ncartilage (including ACAN, COL2A1, 

Fig. 7. Interaction between ADSC and chondrocytes in the co-culture system. (A) Venn diagram, (B) Volcano plot, (C) KEGG enrichment chord diagram, and (D) 
Radar plot of comparisons between Nperichondrium and Ncartilage. (E) Venn diagram, (F) Volcano plot, (G) KEGG enrichment chord diagram, and (H) Radar plot of 
comparisons between Co_ADSC and ADSC. (I) Venn diagram, (J) Volcano plot, (K) KEGG enrichment chord diagram, and (L) Radar plot of comparisons between 
Co_Chondrocyte and Chondrocyte. GSEA enrichment diagram of differential genes between (M) Nperichondrium and Ncartilage, (N) Co_ADSC and ADSC. (O) 
Interaction network of differential genes.
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COL9A1, COL9A2, SOX9, and CHPF) were mainly associated with 
chondrogenesis, whereas the upregulated genes in Nperichondrium 
were mainly associated with fibrogenesis (including COL1A1, COL1A2, 
FAP, ACTA2, ECM, and FBLN2) and angiogenesis (including VWF, 
EDN1, and FLT1) (Fig. 7B). GO and KEGG analyses revealed that the 
differential genes were mainly enriched for adhesion, proliferation, 
ECM, fibrogenesis, chondrogenesis, and angiogenesis (Figs. S12A and 
B). The enrichment chord diagram further clarified that the major genes 
driving perichondrium and cartilage differences included cartilage ECM- 
related genes (including COL9A2, COL9A1, COL2A1, and SOX9), 
fibrogenesis-related genes (including COL1A1, COL1A2, COL4A1, and 
ACTA2), cell proliferation-related genes (IGF1, FGF1, and FOS), and 
angiogenesis-related genes (including EDN1, VWF, FLT1, TEK, and 
VEGF). Moreover, the expressions of related differential genes are 
revealed using a radar plot (Fig. 7C and D). When compared, co-ADSCs 
and ADSCs have 3288 co-expressed genes, with co-ADSCs and ADSCs 
specifically expressing 6241 and 245 genes, respectively (Fig. 7E). A 
volcano plot showed that chondrogenesis-related genes (including 
ACAN, CHPF, COMP, ELN, LOX, and EMILIN1) and fibrogenesis-related 
genes (including COL1A1, COL1A2, COL3A1, COL5A1, FBLN1, and 
FBLN2) were significantly upregulated in co-ADSCs after co-culturing 
with chondrocytes (Fig. 7F). GO and KEGG analyses showed that the 
differential genes were mainly enriched for adhesion, locomotion, 
communication, fibrogenesis, and chondrogenesis-related functions 
(Figs. S12C and D). The enrichment chordal diagram and radar plots 
revealed the differential genes and expression related to the above 
functions, indicating that the genes in co-ADSCs related to chondro
genesis (including COMP, COL2A1, and COL9A2) and fibrogenesis 
(including COL3A1, COL6A1, COL1A1, and FN1) were significantly 
higher than those in ADSCs (Fig. 7G and H). Meanwhile, the comparison 
of co-chondrocytes and chondrocytes revealed 11,904 co-expressed 
genes, with co-chondrocytes and chondrocytes specifically expressing 
587 and 614 genes, respectively (Fig. 7I). A volcano plot showed a trend 
of downregulated chondrogenesis-related genes (including CHRDL2, 
COL9A2, SOX, CILP, and COL2A1) and upregulated fibrogenesis-related 
genes (including FBLN1, ECM1, FBN2, FAP, COL1A1, and COL3A1) in 
co-chondrocytes (Fig. 7J). GO and KEGG analyses revealed that the 
differential genes were mainly enriched in binding, migration, prolif
eration, ossification, fibrogenesis, and cartilage development-related 
functions (Figs. S12E and F), and the enrichment chordal diagram and 
radar plots clarified the key genes and their expression that drove co- 
chondrocyte transformation (Fig. 7K and L). In addition, functions 
related to adhesion, ECM, locomotion, chondrogenesis, and fibrogenesis 
were significantly enriched in co-ADSC, similar to those enriched in the 
Nperichondrium (Fig. 7M and N). Gene interaction network also 
revealed the interaction relationship of chondrogenic differentiation, 
fibrogenic differentiation, blood vessel development, cell adhesion and 
migration, and cell proliferation and differentiation in perichondrium 
and cartilage differential genes (Fig. 7O).

The results of the transcriptome sequencing were further verified 
using immunofluorescence and reverse transcription-polymerase chain 
reaction (RT-PCR). First, collagen I and II sources were confirmed using 
immunofluorescence (Fig. 8A). The results showed that there was a 
strong positive expression (red fluorescence) of the human nuclear an
tigen Lamin A/C in the Eperichondrium (the nuclei were long and 
spindle-shaped), and none in the Ecartilage (the nuclei were triangular 
and irregularly shaped), indicating that the implanted human ADSCs 
were maintained in the Eperichondrium and could survive for a long 
period, whereas the Ecartilage consisted mainly of implanted rabbit ear 
chondrocytes. The Eperichondrium showed a strong positive expression 
of collagen I (pink fluorescence) and a weak positive expression of 
collagen II (green fluorescence). Notably, the region with positive 
expression of collagen I largely overlapped with Lamin A/C (yellow 
arrow), indicating that collagen I in the Eperichondrium was secreted by 
the implanted human ADSCs. Meanwhile, there was a weak positive 
expression of collagen II around the Lamin A/C-positive region (as 

shown by the green arrows), whereas it was strongly positive in the 
Ecartilage, indicating that the rabbit ear chondrocytes implanted in the 
Eperichondrium not only expressed collagen II but also induced the 
expression of the implanted human ADSCs. However, due to the inter
action within the co-culture system, the intensity of collagen II expres
sion in the Eperichondrium was lower than that in the Ecartilage. In 
addition, RT-PCR analysis of the co-culture system (Fig. 8B) showed that 
co-ADSCs were affected by chondrocytes and had significantly higher 
expression of chondrogenesis-related genes (ACAN, COL2A1, COL9A1, 
ELN, and SOX9), fibrogenesis-related genes (COL1A1, COL3A1, FAP, 
FBN1, and ACTA2), and proliferation- and angiogenesis-related genes 
(FGF1, TGFB1, IGF1, VEGF, and VWF). In contrast, co-chondrocytes 
were affected by ADSCs (Fig. 8C), with significantly lower expression 
of chondrogenesis-related genes (ACAN, COL2A1, COL9A1, ELN, and 
SOX9) than the chondrocytes, and significantly higher expression of 
fibrogenesis-related genes and proliferation-related genes (COL1A1, 
COL3A1, FAP, FBN1, ACTA2, FGF1, and TGFB1), with no significant 
changes in angiogenesis-related genes (VEGF and VWF). These results 
illustrate that the main differences between Nperichondrium and 
Ncartilage are cartilage matrix secretion, fibrogenesis, and angiogenesis. 
Meanwhile, ADSCs and chondrocytes in the co-culture system interacted 
with each other, resulting in chondrocyte-induced chondrogenic and 
fibrogenic differentiation of co-ADSCs. ADSCs may induce chondrocyte 
dedifferentiation, resulting in the formation of functional 
perichondrium-like tissue. Therefore, the co-culture system allowed the 
Eperichondrium to combine chondrogenesis, fibrogenesis, and angio
genesis, which is more in line with the function of the natural 
perichondrium.

4. Discussion

The construction and regeneration of tissue-engineered auricles have 
always been pacesetters in tissue engineering, and have led to break
throughs in clinical applications [9,41]. However, shrinkage and 
deformation caused by unstable regeneration quality and insufficient 
mechanical strength have majorly limited their popularity and appli
cation. The properties and strength of the auricle depend mainly on the 
ECM components and microstructure and the perichondrium coating 
[42]. The perichondrium contributes to the growth, structural stability, 
regeneration, and maintenance of the cartilage, and has the clinical 
potential to treat various cartilage-associated diseases and traumas. 
However, previous studies on the structural characteristics and the role 
of perichondrium are scarce. The parallel arrangement of type I collagen 
in the perichondrial matrix is associated with improved tensile strength, 
whereas the honeycomb network arrangement of type II collagen and 
elastin in the cartilage matrix contributes to improved compressive 
strength and stability. Therefore, defining the characteristics of micro
structure is important in biomechanics. Accordingly, biomimetic mate
rials and functional cells were controlled and assembled in an orderly 
manner using three-dimensional bioprinting technology to explore the 
effects of microgeometry on cell behavior and biomechanics. Finally, by 
simulating the matrix composition and microstructural features of the 
perichondrium and cartilage, an integrated biomimetic construction 
strategy for perichondrium-coated auricular cartilage was established to 
realize biomimicry in morphology, structure, and biomechanics, thereby 
improving mechanical properties and regeneration quality and pro
moting the clinical translation and application of tissue-engineered tis
sues or organs.

In the process of tissue regeneration, mimicking the structure of 
native tissues helps direct functional cells to form specific tissues [43,
44]. The native auricle is lined by a stratified tissue called the peri
chondrium, which contributes to growth, structural stability, and 
regeneration and maintenance of the cartilage. Previous studies have 
shown that when the perichondrium on both sides of the auricular 
cartilage is intact, its extension and contraction are the same as the 
attached cartilage, and it maintains tight adhesion, while the auricular 
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Fig. 8. Validation results of transcriptome analysis by immunofluorescence and RT-PCR. (A) Representative immunofluorescence images of engineered 
perichondrium-wrapped cartilage tissue with hierarchical structures. Ridgeline plots of gene expression differences between (B) Co_ADSC and ADSC, (C) 
Co_Chondrocyte and Chondrocyte. *P < 0.05. **P < 0.01. ***P < 0.001.
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cartilage is easily broken when the perichondrium is removed [13]. 
Therefore, the flexibility of the auricular cartilage is largely provided by 
the perichondrium. However, the perichondrium and cartilage must be 
close enough to prevent displacement when external forces are applied 
to ensure the overall performance of the auricle. Previous studies have 
used freeze-dried porcine perichondrium which is pressed onto Ecarti
lage to improve its mechanical strength [42]. However, the perichon
drium pressing method is not practical for constructing precisely shaped 
auricles and cannot realize a close combination of the perichondrium 
and cartilage. The collagen fibers of the perichondrium penetrate deeply 
into the cartilage matrix to form a complete structure, which has always 
been a barrier to tissue engineering. Previous studies have attempted to 
combine bioengineered skin with bioprinted cartilage for ear recon
struction, which is an effective method for tissue integration [45]. 
However, from the current clinical perspective, the use of skin expanders 
has greatly improved the regenerative effect of the skin, which is suffi
cient for auricular reconstructive surgery. Therefore, combining the 
perichondrium with the cartilage may be an appropriate method for 
tissue integration. In this study, a layered bioprinting strategy was 
proposed to realize the integrated construction of the perichondrium 
and cartilage. The preparation of a bioink with acellular cartilage matrix 
and gelatin as the main components can simulate the matrix components 
of the auricle and provide a bionic microenvironment for functional 
cells. Moreover, the application of natural materials reduces matrix 
degradation caused by inflammation to improve the mechanical prop
erties of the ECM. Regarding printing methods, designing a parallel 
wave pattern for the perichondrium layer is beneficial for improving 
tensile strength, whereas designing a honeycomb pattern for the carti
lage is conducive to improving compressive strength. Through the 
orientation and precise placement of the bioinks, the macroscopic 
structure and geometric configuration can be controlled to achieve 
structural bionics. In addition, the perichondrium is tightly attached to 
the cartilage, and collagen fibers protrude from the perichondrium and 
anchor to the cartilage matrix. To better simulate this structural feature, 
PEO is designed as a pore-forming agent that not only provides space for 
cells to proliferate and secrete matrix but also forms interlayer network 
traffic to assist perichondrium cells to grow into the cartilage layer and 
promote the tight connection between tissues [46,47].

To realize the above functions during structural reproduction, 
functional cells in the tissue must be mimicked. Many tissues and organs 
contain a certain number of progenitors or stem cells that can replace 
dead cells or restore tissues and organs after injury. There is evidence 
that perichondrium might contain chondrogenic progenitor cells, and 
mesenchymal-like cells originating from the perichondrium have been 
observed to proliferate actively and form a thick layer of cartilage matrix 
[48,49]. Perichondrium possible role as a microenvironment containing 
chondrocyte progenitor/stem cells (CSPCs). However, the number of 
perichondrium tissues is small, and the cell content is low, making it 
difficult to obtain sufficient seed cells. In some cases, chon
droprogenitors were reported to fall under the minimal accepted criteria 
defining mesenchymal stromal cells (MSCs) and are thereby considered 
MSCs. ADSCs and CSPCs are stem cells with high similarity regarding 
marker expression and multidirectional differentiation abilities. Addi
tionally, ADSCs have the advantages of abundance and reduced damage. 
More importantly, they regulate the balance of the immune response 
through a paracrine mechanism, promote the downregulation of the 
local inflammatory response, and improve the regeneration quality of 
the construct. Therefore, we used ADSCs co-cultured with auricular 
chondrocytes as functional cells in the perichondrium, whereas auric
ular chondrocytes were used as functional cells in the cartilage. Previous 
studies have confirmed that chondrocytes induce the differentiation of 
mesenchymal stem cells into chondrocytes by co-culturing or via cyto
kine activation and that the proportion of co-cultured cells affects the 
type of matrix component that is formed [50,51]. Therefore, ADSCs 
co-cultured with auricular chondrocytes, and auricular chondrocytes 
were used as seed cells from the bilateral perichondrium to the 

intermediate cartilage. A matrix gradient is formed with the help of a 
cell gradient to achieve bionic functional cells and ECM components.

Additionally, stimulation of cell proliferation and ECM synthesis 
during the formation of new cartilage is critical for the quality and 
clinical application of regenerated cartilage. Therefore, various growth 
factors such as basic fibroblast growth factor, insulin-like growth factor, 
and transforming growth factor can directly stimulate the proliferation 
of progenitor cells and/or immature chondrocytes and ECM synthesis in 
the early stages of new cartilage formation, which may help improve the 
quality of Ecartilage. In addition, mechanical stimulation is an effective 
promoter of ECM synthesis, and it improves mechanical properties [52]. 
Chondrocytes contain a complete set of mechanical sensors, including 
primary cilia, mechanically sensitive ion channels, integrins, and cyto
skeletons, that sense and respond to various extracellular mechanical 
signals. Previous studies have confirmed that sustained mechanical 
stimulation can induce structural remodeling of the ECM, produce an 
anisotropic and mechanically robust structure, and improve the me
chanical strength of Ecartilage. These properties cannot be achieved by 
using bioactive factors alone. Mechanical stimulation can promote 
nutrient exchange, maintain high cell vitality, and improve the regen
erative quality of engineered tissue, enhancing its similarities to native 
tissue in terms of structure and function. Therefore, the routine addition 
of mechanical stimulation to the cell culture system may be an effective 
strategy for improving the quality of their engineered equivalents.

Although the perichondrium is an extremely thin structure in the 
auricle, it significantly contributes to the mechanical strength of the 
auricular cartilage. Cartilage with an intact perichondrium had a higher 
Young’s modulus, lower relaxation slope, and lower relaxation level. 
Perichondrium-wrapped auricular cartilage has the advantage of 
viscoelasticity, making it more resistant to tensile and compressive 
forces. This may be related to the combined action of the perichondrium 
and cartilage. Under tension, the tendinous structure of the perichon
drium and the tight connection between the perichondrium and carti
lage can resist loads at both ends, thereby improving their overall load- 
bearing capacity. In the compressed state, the fibrous connection be
tween the perichondrium and cartilage pulls toward the center, thus 
resisting the force that squeezes the surrounding cartilage. In this study, 
positive results were obtained by constructing a perichondrium- 
wrapped auricle with biomimetic hierarchical structures, which 
improved the viability and biomechanical properties of the auricle 
grafts. However, the mechanisms underlying need to be verified in 
future studies. Additionally, different locations of the auricle may have 
different requirements for the thickness and direction of the collagen 
fibers in the perichondrium and cartilage, which needs to be resolved in 
further construction of auricle tissue. Ignoring this may be counterpro
ductive for maintaining the shape of the auricle because inappropriate 
perichondrial tension may damage the auricular structure. Currently, 
the reconstructed auricle substitutes were not comparable to the native 
auricle. In future research, it will be necessary to introduce exogenous 
growth factors to promote cartilage regeneration and introduce a dy
namic bioreactor, such as hydrostatic pressure, perfusion system, and 
shear forces, to further improve regenerative quality and mechanical 
properties. This will require multidisciplinary effort and close cooper
ation between Materials, Engineering, Medicine, and other interdisci
plinary fields.

5. Conclusion

To improve the regeneration quality and mechanical properties of 
tissue-engineered auricles, this study presents a novel strategy for the 
integrated construction of bioengineered perichondrium with bio
printed cartilage with hierarchical structures for auricular reconstruc
tion. By simulating the matrix composition and microstructure 
characteristics of the native auricle, biomimetic materials and functional 
cells were controlled and assembled in an orderly manner using three- 
dimensional bioprinting, and auricular equivalents with bilateral 
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perichondrium and intermediate cartilage were successfully fabricated 
and regenerated. These equivalents mimicked the native auricles in 
terms of morphology, structure, and biomechanics, and inspired im
provements in the viability and biomechanical properties of engineered 
auricles. Although the reconstructed auricle substitutes were still not 
comparable to the native auricle and required further close cooperation 
among multiple disciplines, the current multi-level and multi-scale 
biomimetic construction strategy can provide a technical reference for 
the integrated construction of complex tissues to promote the clinical 
translation and application of engineered tissues.
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