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Auricular defects are highly prevalent and have a significant impact on the physical and mental well-being of
patients. However, due to the intricate anatomy of the auricle, achieving personalized and precise reconstruction
poses a major challenge. Currently, tissue engineering auricle scaffolds based on rigid materials are an effective
therapeutic approach for auricle reconstruction. Nevertheless, these auricular scaffolds often fail to meet
biomechanical requirements and lack biological activity, resulting in suboptimal treatment outcomes. In this
study, polyvinyl alcohol and gelatin were used as printing inks, and nano-silica was employed as a filler to
optimize the printability of the inks. Through layer-by-layer 3D printing, auricle scaffolds were fabricated that
closely mimic human auricular biomechanical properties and possess a multi-scale pore structure. Subsequent in
vitro experiments confirmed the biocompatibility of the scaffolds. Furthermore, a rabbit auricular cartilage
defect model was established to evaluate the therapeutic efficacy of this bionic scaffold featuring a multi-scale
pore structure for auricle defects. The findings demonstrated that the developed auricle scaffold not only
exhibited excellent biomechanical strength and favorable biocompatibility but also provided an advantageous
environment for chondrocyte growth due to its multi-scale pore structure, thereby significantly promoting
chondrocyte proliferation. Overall, the 3D printed tissue engineering bionic scaffold with a multi-scale pore
structure developed in this study is anticipated to significantly enhance the therapeutic efficacy for auricle de-
fects and offer a novel therapeutic strategy for such defects.

1. Introduction

Auricular defects and deformities encompass both congenital auric-
ular deformities as well as acquired defects resulting from trauma,
burns, tumors, puncture defects, and scars [1]. The prevalence of
auricular defects is approximately 5.18 cases per 10,000 individuals [2].
Such deformities not only affect facial aesthetics but also contribute to
varying degrees of hearing impairment, thereby impacting both the
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physical and mental well-being of individuals [3]. Due to the complex
anatomy and delicate physiology of the auricle, reconstructive proced-
ures remain a significant challenge in clinical practice [4]. Compared to
traditional autologous costal cartilage transplantation, tissue engineer-
ing offers substantial advantages by reducing surgical complexity,
shortening operation time, and minimizing postoperative complications
[5-7]. At present, the most commonly used materials for preparing tis-
sue engineering auricular supports are high-density polyvinyl alcohol
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(HDPE) [8], Poly-caprolactone (PCL) [9] and polyurethane [10,11] with
high mechanical strength. However, these materials have limitations in
terms of plasticity, mechanical properties, and cell adhesion, often
resulting in leakage, rupture, and infection after implantation [8,12].
Additionally, the majority of these materials possessing high mechanical
strength only marginally replicate the fundamental morphology of the
auricle based on its appearance, lacking biological functionalities that
hinder effective auricular cartilage repair. Therefore, the development
of tissue engineering auricular scaffolds that conform to the biome-
chanical characteristics of human auricular cartilage as well as possess
biological functionalities has emerged as a pressing issue in the field of
auricular defect treatment [13].

The development of hydrogels, such as hyaluronic acid [14], GelMA
[15,16] and alginate [17], provides a promising strategy for the prep-
aration of ideal auricular scaffolds. Hydrogels exhibit excellent
biocompatibility and biodegradability, along with a loose, porous
microstructure that promotes cell adhesion and tissue growth [18].
Among these, polyvinyl alcohol (PVA) is a highly safe polymeric organic
compound widely used in biomedical applications because of its high
water content and elasticity in soft tissues [19]. Owing to the absence of
cell-adhesive properties and the inherently high hydrophilicity of PVA
on its surface, it is challenging for cultured cells to adhere and thrive on
PVA substrate [20]. It has been documented that gelatin (Gel), a
collagen-derived biopolymer, exhibits excellent biocompatibility and
biomimetic properties [21]. The incorporation of Gel into alginate en-
hances biocompatibility, facilitates cell adhesion and proliferation, and
augments the mechanical properties and strength of the resulting com-
posite [22]. However, due to the intricate and variable morphology of
the human auricle, accurately molding this kind of three-dimensional
structure using flexible PVA-Gel hydrogels remains a significant chal-
lenge. Therefore, it is crucial to determine a molding process that can
achieve excellent accuracy while guaranteeing the integrity of the
scaffolds after implantation.

3D printing is a rapid fabrication technique that enables the creation
of 3D structures resembling functional tissues and organs with intricate
architectures [23,24]. In the commonly used 3D printing process, direct
ink writing (DIW) stands out as a more prevalent manufacturing tech-
nology due to its diverse material options, high printing speed, and high
printing accuracy [25]. These features make DIW particularly suitable
for the fabrication of tissue engineered auricular cartilage [26]. DIW
works by loading bioink into a syringe barrel and extruding through the
tip of a micronozzle for rapid preparation of various complex structures
[27]. However, the effectiveness of DIW is constrained by the rheolog-
ical properties of the printing ink [28]. Gravity presents a significant
challenge in high resolution and fidelity when printing intricate 3D
structures in air using low-viscosity fluid materials [29]. Consequently,
appropriately increasing the viscosity of bioink can enhance both
printability and fidelity. Several studies have opted to incorporate
nanomaterials, such as nanofibers [30,31], nano-silicate [32], and
nanohydroxyapatite [33]. Among them, nanometer silicon dioxide
(Si0y) particles with a larger specific surface area can establish a tighter
interface with the polymer matrix, thereby improving the stiffness and
shear modulus of the ink while also adjusting its mechanical properties
[34]. In addition, SiO, has significant potential for cartilage regenera-
tion [35].

Based on these views, in this study, we aimed to develop a printing
ink with cartilage activity to fabricate a tissue engineering bionic
auricular scaffold that closely mimics the biomechanical properties of
human auricular cartilage and possesses a multi-scale pore structure.
Specifically, Gel was used to modulate the cell adhesion and mechanical
properties of PVA. The incorporation of nano-silica enhanced the
printability and augmented the chondrogenic performance of the ink.
The biocompatibility of the printing ink was evaluated through both in
vivo and in vitro experiments. Finally, the rabbit auricular cartilage
defect model was established to validate the efficacy of the bionic
scaffold with multi-scale porous structure for treating auricle
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deformities. This model enabled us to assess how well the scaffold
promoted auricular cartilage repair. The results confirmed the adapt-
ability of the biomimetic scaffold to auricular cartilage defects, its ability
to repair the structural defect, and its potential in promoting the growth
of surrounding auricular chondrocytes (Fig. 1).

2. Experimental
2.1. Preparation and cross-linking of printing inks

The 100 mg mL ™! solution of PVA (MW = 205,000 g mol~*, Aladdin,
China) was prepared by dissolving PVA powder in deionized water at
90 °C under magnetic stirring for 8-10 h. The magnetic stirring speed
was maintained at 200-250 rpm min~" to avoid the foaming of PVA.
According to the mass ratio of Gel: PVA solution = 1:10 weighed
appropriate amount of PVA solution and gelatin particles (G1890, Sigma
Aldrich). The P/G solution was prepared by dispersing gelatin particles
in PVA solution and magnetically stirring the mixture at 60 °C for 2-3 h
at a rate of 150-200 rpm min~! until fully dissolved. According to the
mass ratio of SiOz: P/G solution = 5:100 was weighed appropriate
amount of P/G solution and nanometer silica (Aladdin, China). Simi-
larly, the P/G/Si solution was prepared by dispersing nanometer silica in
P/G solution and magnetically stirring the mixture at 60 °C for 2-3h ata
rate of 150-200 rpm min~! until fully dissolved. Subsequently, the PVA,
P/G, and P/G/Si solutions were poured into 60 mm Petri dishes and
dried at 37 °C to obtain thin-film uncrosslinked scaffolds. The uncros-
slinked scaffolds were immersed in 6 mol L™} sodium hydroxide for
8-12 h to obtain three types of cross-linked scaffolds. These scaffolds
were then washed through repeated immersion in deionized water until
a pH of 7 was attained, prior to further experimentation.

2.2. Characterization of printing inks

Chemical characterization. The PVA, P/G, and P/G/Si printing inks
were characterized using FTIR (Fourier-transform infrared, Thermo
Nicolet iS5, USA) with 400-4000 cm ™! recording range. 'H NMR ana-
lyses were performed on the spectrometer (‘H nuclear magnetic reso-
nance, BRUKER AVANCE-III 500 MHZ) at room temperature.

Scanning electron microscopy (SEM) analysis. SEM (Sigma 500, Ger-
many) was utilized to analyze the microstructure of the PVA, P/G, and
P/G/Si printing inks. First, all the printing inks were subjected to freeze-
drying treatment to reveal their internal structure. Subsequently, the
printing inks were placed on a copper stud and coated with gold/
palladium sputtering before analysis.

Water contact angle. The surface hydrophilicity of PVA, P/G, and P/
G/Si printing inks were evaluated by measuring the static aqueous
contact angles using a contact angle measurement (SL250, USA) in-
strument. Briefly, the freeze-dried printing inks were placed flat on a
clean glass slide and then transferred to a horizontal detection table.
Each drop of 2 pL of deionized water was dropped on the surface of the
hydrogels at room temperature and images were taken with a camera.

Swelling behavior. To evaluate the swelling behavior of the scaffolds,
each PVA, P/G, and P/G/Si printing inks were measured after freeze-
drying (Wq). Next, the printing inks were placed in PBS buffer and
incubated in an incubator at 37 °C for 24 h to swell, and then the surface
PBS was removed with filter paper and weighed (Ws). The swelling ratio
of the hydrogel was calculated as follows: SR= (W - Wq)/W4 x 100 %.

Degradation behavior. To evaluate the in vitro degradation properties
of the scaffolds, each PVA, P/G, and P/G/Si printing inks was measured
after freeze-drying. The hydrogels were immersed in PBS and incubated
at 37 °C for 28 days at a constant oscillation of 100 rpm min~". PBS was
replaced every 3-4 days. The hydrogels of the group were taken out at
7,14,21 and 28 days, respectively. The samples were rinsed with
distilled water, dried in an oven at 37 °C for 48 h and weighed.

Rheology and printability analysis. The storage modulus (G) and loss
modulus (G") of PVA, P/G, and P/G/Si printing inks were obtained by
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Fig. 1. Schematic diagram of the process of 3D-P/G/Si scaffold preparation and implantation.

rheometer (HAAKE MARS 40, Germany), subjecting them to shear strain
from 0.1 % to 100 % at a constant frequency of 1 Hz. Flow and viscosity
curves for printing ink were obtained through rotational tests featuring
shear rate scanning ranging from 0.1-100 s~!. Additionally, the tem-
perature dependence of printing inks were analyzed by setting the
temperature range of 10-40 °C and the heating rate of 5 °C/min.

2.3. Preparation and characterization of 3D-P/G/Si scaffolds

The 3D-P/G/Si scaffold was designed by Solidworks software and
then printed using a 3D bioprinter (Envision, Germany). Printed the
configured P/G/Si printing ink into a multi-layer bracket with a pre-
designed square shape (10 x 10 x 2 mm) or a circular shape (10 mm
in diameter and 2 mm in height). That 3D printed scaffold was immersed
in 6 M NaOH for crosslinking, and then washed with deionized water to
PH = 7 for subsequent experiments. Subsequently, the ink parameters of
the substrate layer were analyzed using printing nozzles with gauges of
18 G, 20 G, and 22 G to investigate the correlation between printing
parameters and filament diameter. The printing temperature was set at
15 °C, while the printing pressure ranged from 1.5-2.5 bar. For an 18 G
print nozzle, the ink extrusion speed was adjusted between 2-6.5 mm
s!. When utilizing a 20 G print nozzle, the ink extrusion speed ranged
from 2-7 mm s~ . Similarly, for a 22 G print nozzle, the ink extrusion
speed varied from 2-8.5 mm s~ *. All scaffolds were observed under a
microscope (BX53 Olympus Japan) to screen them and determine
optimal printing parameters rapidly. According to the optimal printing
parameters, a multi-layer 3D-P/G/Si scaffold with a pore of 400 ym was
prepared by printing with a 22 G nozzle. The 3D-printed scaffolds were
freeze-dried and coated with a gold/palladium sputter. Their micro-
structure was subsequently analyzed using SEM.

2.4. Mechanical properties of 3D-P/G/Si scaffolds

Next, we conducted tensile property tests on a biaxial tensile testing
machine (LS1, Ametek, USA). Initially, PVA, P/G, and P/G/Si scaffolds
(n = 3) were precisely cut into dimensions of 100 x 30 x 1 mm (length
x width x height). Subsequently, the two ends of each specimen were
securely fastened to the testing machine for conducting tensile tests at
room temperature with a speed of 10 mm min ! until fracture occurred.
The recorded test data were meticulously analyzed to determine the
Young’s modulus of the three scaffolds. Additionally, dumbbell-shaped
3D printed specimens featuring interlacing structures in both trans-
verse and longitudinal directions were employed for further tensile
testing. The dumbbell-shaped specimens (n = 3) with pore sizes of 0,
400, and 800 pm were securely affixed to the testing machine at both
ends. The test and calculation methods employed were consistent with
those previously described.

2.5. Biocompatibility in vitro

The biocompatibility of four scaffolds (n = 12), including PVA group,
P/G group, P/G/Si group and 3D-P/G/Si group, was evaluated using
human chondrocytes (C28/12 cells). The C28/12 cells were cultured in a
complete medium at 37 °C and 5 % CO;. The medium was refreshed
every 2-3 days until a cell confluence of 90 % was achieved before
commencing the experiment. All scaffolds underwent sterilization with
75 % ethanol for 1 h, followed by removal of residual ethanol through
DPBS washing and subsequent sterilization under UV light irradiation
for 2 h. The C28/12 cells were seeded onto various scaffold groups at a
density of 0.5 x 10* cells/well in a 48-well culture plate and incubated.
The proliferation of C28/12 cells was evaluated by Alamar Blue reagent
(Invitrogen, USA) on days 1, 3, and 5 post-culture. Prior to usage, the
Alamar Blue reagent was diluted at a ratio of 1:10 with a complete
medium. Subsequently, 300 pL of the diluted reagent was added to each
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well. Following an incubation period of 4 h at 37 °C in an incubator, 100
pL of the solution from each well was transferred to a 96-well plate for
analysis. The results were then measured using a multifunctional fluo-
rescent microplate reader (BioTek/SYNERGY, USA) at a wavelength of
530/560 nm. Additionally, the viability of C28/I2 cells was also eval-
uated on days 1, 3, and 5. Upon examination under a fluorescence mi-
croscope (IX 83, Olympus, Japan), live cells exhibited green staining
while dead cells displayed red staining.

2.6. Toxicity in vivo

Animal experiments were performed following the guidelines for the
care and use of laboratory animals established by the Animal Laboratory
of Nanfang Hospital and had been approved by the Ethical Committee
for Laboratory Animals. The approval date was March 2023, and the
approval number was IACUC-LAC-20230317-010. Sprague-Dawley (SD)
rats aged 6 weeks, weighing an average of 160-180 g, were utilized in
the experiment. The SD rats were randomly divided into five groups (n
= 3): PVA group, P/G group, P/G/Si group, 3D-P/G/Si group, and
control group. HDPE is a medical polymer known for its excellent
biocompatibility, non-degradability, and non-toxicity [36]. Currently, it
is widely utilized in the field of ear reconstruction. Consequently, HDPE
was selected as the control group for the in vivo experiments. The
scaffolds were sterilized according to the previously described method.
Before implantation, SD rats were anesthetized via intraperitoneal in-
jection of Pentobarbital Sodium (45 mg kg™'). The scaffold was
implanted between the skin and fascia on the rat’s back. On days 14 and
28 after implantation, skin biopsies, including the scaffolds, and main
organ were harvested for histological analysis. Tissues were fixed,
dehydrated, embedded in paraffin, sectioned, and stained with hema-
toxylin and eosin (H&E) to evaluate their histocompatibility.

2.7. The immunofluorescence staining of type II collagen

The PVA, P/G, and P/G/Si scaffolds were sterilized according to the
previously described method. Subsequently, the scaffolds were
immersed in a cartilage induction medium and incubated at 37 °C for 24
h, resulting in the preparation of three types of leaching solutions. C28/
12 cells were cultured in these leaching solutions for 5 days, with the
solutions being changed every 2-3 days. The cell slides were fixed with
4 % PFA (Macklin, China) and permeabilized using 0.2 % Triton X-100
(Macklin, China). Following blocking using the normal serum, the slides
were incubated with anti-Collagen II (SAB, USA) overnight at 4 °C, and
further incubated with a secondary antibody (Thermo Fisher, USA) for 1
h. The nuclei were stained with DAPI for 1 min. An inverted laser
confocal microscope was used to stimulate and photograph at 488 and
594 nm.

2.8. Application of auricular scaffolds in repairing rabbit auricular
cartilage defects

New Zealand white purpose-bred research rabbits (12 weeks old,
weighing 2000 + 300 g) were used to construct auricular cartilage
defect models [37]. All the rabbits were randomly divided into five
groups: PVA group, P/G group, P/G/Si group, 3D-P/G/S group, and
control group. HDPE scaffolds were employed in the control group. The
scaffolds were sterilized according to the previously described method.
After administering anesthesia, an incision was made on the medial
aspect of the rabbit auricular proximal to expose the auricular cartilage.
A 10 mm diameter defect was created in the rabbit auricular cartilage
using a sterilized round punch, ensuring that the dorsal skin of the rabbit
auricular remained intact. The scaffolds were implanted into the defect
areas and closed densely using absorbable sutures (4-0 nylon). After
operation, all the rabbits were allowed free-cage activity. Following 1
and 3 months of scaffold implantation, rabbits were euthanized using a
lethal dose of pentobarbital sodium, and their auricular cartilage was
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collected for subsequent evaluation. The repaired cartilages were fixed
in 4 % para formaldehyde for two days. The repaired cartilages were
then embedded in paraffin and sliced, and characterized by H&E
(Sinoreagent, China), Alcian Blue (Sinoreagent, China), Masson (Solar-
bio, China), Safranin O and Fast Green staining (SO/FG) (Solarbio,
China), and immunohistochemical staining for Collagen I, Collagen II
(Sinoreagent, China).

2.9. Statistical analysis

Each group included at least three samples (n > 3), and all data were
presented as Means + Standard deviations. Because the values were
normally distributed, the experimental data from all the studies were
analyzed using a one-way analysis. When statistical differences
appeared, the LSD test and Dunnett T3 test were performed for the post
hoc multiple comparisons. Statistical significance was set at 5 % (a =
0.05).

3. Results
3.1. Preparation and cross-linking of printing inks

As shown in Fig. 2Ai, we gained with a 10 % PVA solution. The PVA
solution exhibited complete transparency and excellent fluidity. After
the addition of Gel in proportion, the printing ink transformed into a
translucent light yellow, while its fluidity remained relatively un-
changed (Fig. 2Aii). When mixed with silica, the color of the solution
changed significantly from light yellow to opaque milky white, while the
fluidity was greatly reduced (Fig. 2Aiii). Subsequently, the composi-
tional structure was analyzed by FTIR. The results indicated that PVA
displayed the characteristic peak of the -OH group at 3000-3500 cm !
[38], while the peak near 2900 em ™! was attributed to the C-H bond of
the alkyl group [39]. With the addition of Gel, the absorption peak shape
of -OH gradually widened, and the peak at 917 cm™! was the bending
vibration of the C-H bond on the aldehyde group of Gel [40]. After the
addition of silica, the strong and broad absorption bands at 832 cm™?
and 471 cm ™! were the symmetrical tensile vibration peaks of Si-O [41].
The ATR-IR results were in line with expectations, indicating the suc-
cessful mixing and acquisition of the desired printing ink (Fig. 2B).

Subsequently, the three inks were individually poured into a Petri
dish and dried to obtain thin films. Following cross-linking through
immersion in 6 M NaOH and subsequent washing with deionized water,
each film could be effortlessly detached from the Petri dish, confirming
the successful completion of cross-linking. As shown in Fig. 2C, after the
process of cross-linking, PVA retained its colorless and transparent
appearance, whereas P/G/Si still exhibited an opaque milky white hue.
Both colors remained similar to their respective states prior to cross-
linking. However, the transparency of the cross-linked P/G was signifi-
cantly diminished and its color transformed to white. This change can be
attributed to the impact of environmental pH on the protein’s electrical
properties. The closer the pH approaches alkaline, the diminished
repulsion between molecules results in aggregation, causing the previ-
ously miscible system to transition from transparency to opaqueness
[38]. To further verify whether the cross-linking was successful, we
conducted 'H NMR spectroscopy on the materials before and after
cross-linking with the third set of P/G/Si (Fig. 2D). Comparison with
uncrosslinked hydrogel revealed a clear disappearance of H, at
1.90-2.00 ppm in the 'H NMR spectrum of crosslinked hydrogel, con-
firming our conjecture regarding cross-linking [42]. In summary, both
'H NMR and ATR-IR results confirmed that expected product structures
have been successfully synthesized using three printing inks capable of
being cross-linked by 6 M NaOH.

3.2. Characterization of printing inks

The hydrophilicity of three printing inks was investigated through
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static water contact angle analysis. Upon initial contact with water
droplets, the surface of PVA exhibited a water contact angle of (50.90 +
2.93) °, while P/G displayed a significantly larger angle of (57.10 +
0.89) ° compared to PVA (Fig. 3Ai, ii). SEM characterization revealed
that the PVA surface had a rough texture and small gaps, which were
filled by gelatin particles upon its addition to the mixture, resulting in a
smoother material surface that hindered water attachment (Fig. 3B i-iv).
This could explain why P/G exhibited a higher water contact angle than
PVA did. However, the first-second water contact angle for the P/G/Si
group was only (42.76 + 4.43) ° due to the presence of nano-silica
particles with uneven sizes on the porous surface of P/G/Si as
observed by SEM analysis (Fig. 3A iii, Fig. 3B v, vi). To facilitate a more
comprehensive comparison of hydrophilicity among the three printing
inks, we conducted further analysis on the dynamic water contact angle
within the time range of 1-5 s. As the contact time increased, all
hydrogels exhibited a decrease in water contact angle, with P/G/Si
demonstrating a smaller angle compared to both PVA and P/G (Fig. 3A).
Notably, at the fifth-second mark, the water contact angle of P/G/Si
hydrogel was found to be less than 20°, indicating its exceptional ability
for rapid water penetration and thus making it highly advantageous for
cell adhesion. (Fig. 3A ix, Fig. S1, Supporting Information).

Then we conducted a swelling test. After 24 h of swelling, the
swelling rate of PVA was recorded as (103.27 + 11.45) %, while the

swelling rate of P/G reached (133.74 + 23.22) %, both surpassing that
of the PVA group. Notably, the swelling rate of P/G/Si was measured at
an impressive (326.61 + 41.82) %, approximately three times higher
than that observed in pure PVA scaffolds alone. Overall, it can be
concluded that P/G/Si exhibited superior hydrophilicity, thereby facil-
itating cell adhesion and rendering it suitable for promoting cell pro-
liferation (Fig. 3C-D, Fig. S2, Supporting Information). To confirm that
the scaffold can remain stable for a long time after implantation in vivo,
we also performed degradation. The three scaffolds (n 3) were
immersed in PBS for 7, 14, 21, and 28 days, respectively. As the
degradation time increased, there was no significant change observed in
the weight of all scaffold groups, indicating the excellent stability of the
printing inks (Fig. 3E).

According to rheological analysis, the amplitude scanning results
revealed that the G’ of P/G/Si printing ink surpassed the G” within the
shear strain range of 0.1 %-10 %, indicating its viscoelastic solid char-
acteristics (Fig. 3F). In contrast, PVA printing ink only exceeded G" in the
lower shear strain range of 0.1 %-1 %, while P/G printing ink exhibited
G" greater than G’ at all shear strains, making it challenging to print.
Considering the Gel’s thermal sensitivity, further investigation was
conducted on the temperature’s impact on rheological properties of the
printing ink [43]. Under a constant shear rate (y = 0.1 s ) and gradual
heating from 10 °C to 40 °C, P/G/Si printing ink consistently maintained
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a higher G' than G’, preserving its gel-like state as a viscoelastic solid
(Fig. 3G). Additionally, to facilitate the extrusion of the printed ink
through a small-diameter nozzle, the ink must exhibit shear thinning
characteristics, wherein the apparent viscosity decreases with increasing
shear stress or shear rate [44]. As depicted in Fig. 3H, at a temperature of
25 °C, all three groups of printing inks demonstrated a decreasing trend
in viscosity as the shear rate decreased. There, P/G/Si exhibited the most
significant decrease. Even when subjected to temperature variations
(10-40 °C), P/G/Si continued to display excellent shear thinning per-
formance (Fig. 31).

3.3. Characterization and properties of 3D-P/G/Si scaffolds

3.3.1. Characterization of 3D-P/G/Si scaffolds

The 3D-P/G/Si scaffolds were fabricated using extrusion printing
technology, and their structural properties, such as the diameter of the
printed filaments and the gap between the filaments, were finely
adjusted by optimizing printing parameters including extrusion speed
and printing pressure (Fig. 3J). In this study, we determined the optimal
printing parameters for 18 G, 20 G, and 22 G printing nozzles respec-
tively (Fig. 3K-N, Fig. S3, Supporting Information). To enhance accu-
racy in 3D printing, the 22G nozzle was employed in this study. As
illustrated in Fig. S3, at a pressure of 2 bar, the filament diameter at the
speed of 4 mm/s reached (784.75 + 12.25) pm, while at the speed of 7
mmy/s, it measured (402.43 + 8.34) pm. These findings suggested that
precise 3D printing can be achieved with a 22G nozzle by appropriately
adjusting the printing pressure and speed. Subsequently, we evaluated
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the capability of P/G/Si printing ink to produce intricate 3D structures.
Scaffolds with varying shapes, pore sizes, and thicknesses were printed
using the 22G nozzle at a speed of 7 mm/s and a pressure of 2 bar. All
scaffolds produced under these conditions demonstrated excellent sta-
bility without significant deformation, rendering them suitable for
subsequent experiments(Fig. S4, Supporting Information). SEM further
revealed that the surfaces of the 3D-P/G/Si scaffolds retained a rough
and porous microstructure (Fig. 30).

3.3.2. Mechanical properties

The mechanical properties and strength of the scaffolds were
examined using tensile tests in this study (Fig. 4A, B). PVA exhibited the
highest tensile strength (2680.06 + 193.90) kPa, while P/G/Si hydrogel
showed the lowest tensile strength (739.86 + 48.89) kPa. The P/G
hydrogel demonstrated a moderate strength of (1116.12 + 144.16) kPa.
Clearly, the addition of gelatin and nano-silica gradually decreased the
tensile strength of the hydrogel, bringing its Young’s modulus closer to
that of native cartilage tissue (300-800 kPa) [45] (Fig. 4C,G). To further
analyze the mechanical properties of the scaffolds, dumbbell specimens
with pore sizes of 0, 400, and 800 pm were fabricated using 3D printing
technology with P/G/Si printing ink for tensile testing purposes.
Although different pore sizes resulted in variations among scaffolds
under identical printing nozzles and parameters, all fell within the range
of Young’s modulus observed in cartilage tissue (Fig. 4D-F,H). This
demonstrated our ability to customize auricular scaffolds by adjusting
pore sizes in 3D printed scaffolds successfully. Furthermore, compared
to printing ink prepared through traditional casting processes, the
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3D-P/G/Si scaffold with a pore size of 0 pm displayed superior me-
chanical properties (Fig. 4I).

3.4. Biocompatibility
3.4.1. Invitro

The cytocompatibility and proliferative activity of C28/12 cultured
in scaffolds for 1 and 3 days are shown in Fig. 5A, where live cells are

A  PVA

P/G

P/G/Si
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indicated by green fluorescence and dead cells by red fluorescence. After
one day of culture, the cells adhered uniformly to the scaffold surface,
with most cells in the PVA, P/G, and P/G/Si groups appearing green,
indicating their viability. A small amount of red fluorescence was
observed in the PVA group, while the number of red fluorescent cells
was lower in the P/G group compared to the PVA group, suggesting
better cell adhesion (Fig. 5Ai, ii). This discrepancy with the water con-
tact angle results mentioned earlier was attributed to limited cell
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Fig. 5. Biocompatibility. (A) Live/Dead staining of C28/12 cells. (B) Survival rate of C28/12 cells (n = 3). (C) C28/12 cells proliferation was measured by Alamar Blue
assay (n = 3). (D) Schematic diagram of subcutaneous implantation in rats. (E) The process by which the sample is implanted under the skin of the rat’s back. (F)
Fiber wrapping around the sample at 2 and 4 weeks after implantation. (G) The thickness of fibrous capsule around the sample was measured at 2 and 4 weeks after
implantation (n = 3). (H) H&E staining results of the tissue surrounding the sample at 2 and 4 weeks after implantation (red line: thickness of fibrous capsule).

Statistical analysis: *P < 0.05, **P < 0.01, ***P < 0.001.
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adhesion on the PVA surface. However, no red fluorescent cells were
detected on samples from the P/G/Si group surface, indicating minimal
cell death and significantly higher cell adhesion than both PVA and P/G
groups (Fig. 5A iii). On day three of culture, Live/Dead staining revealed
that most cells remained alive with a higher cell density than day one.
The observed increase was particularly significant in the P/G/Si group
(Fig. 5A v-vii).

To further evaluate cytocompatibility, C28/12 cells were also seeded
on 3D-P/G/Si scaffolds. Cell adhesion was not evident on day one of
culture possibly due to the attachment of the cells was at an early stage
and just attached to the pores of the scaffold (Fig. 5A iv). By day three
though, there was a significant increase in C28/12 cell adhesion on
scaffold surfaces (Fig. 5A viii). Quantitative analysis demonstrated that
after five days of culture, all experimental groups exhibited over 95 %
survival rate for C28/12 cells (Fig. 5B). Subsequently, the cell prolifer-
ation in each experimental group was assessed by measuring the fluo-
rescence intensity change of Alamar Blue reagent. The results
demonstrated that the fluorescence intensity of C28/12 cells continued
to increase after 1, 3, and 5 days, indicating normal growth and prolif-
eration on different experimental group scaffolds with the 3D-P/G/Si
scaffolds group exhibiting the highest proliferation rate (Fig. 5C).

3.4.2. Invivo

The scaffolds of each experimental group and control group were
implanted subcutaneously in the back of SD rats, as illustrated in Fig. 5D.
The entire process, including incision creation and specimen implanta-
tion suture, is depicted in Fig. 5E. Following implantation, the SD rats
exhibited good overall health with normal eating and movement pat-
terns. Skin tissue in contact with the specimens was collected after 2 and
4 weeks to evaluate fibrous capsule formation. As shown in Fig. 5F, no
significant signs of inflammation or dense fibrous capsules were
observed, indicating intact implants. Histological examination using
H&E staining revealed comparable fibrous capsule thickness between
the experimental and control groups across all examined skin tissues
(Fig. 5G-H). Additionally, histological examination of vital organs
(liver, heart, spleen, kidney) was conducted to further assess the
biocompatibility of the experimental group. No significant
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inflammatory response or organ damage was observed in any group
when compared to the control group. (Fig. 6, Fig. S5, Supporting
Information).

3.5. The immunofluorescence staining of type II collagen

The C28/12 cells were cultured with extracts of PVA, P/G, P/G/Si,
and blank group. After 5 days, collagen II immunostaining was per-
formed to observe the promoting effect of the hydrogel on chondrocytes.
Simultaneously, DAPI was used for nuclear labeling of all cells. Quan-
titative analysis revealed that the positive fluorescence intensity of
collagen II in the blank group was only (32.26 + 3.48) %. In comparison,
the PVA group and P/G group exhibited slightly higher levels, (40.84 +
2 00.70) % and (37.78 + 0.92) %, respectively. Notably, the P/G/Si
group demonstrated significantly enhanced fluorescence intensity
(48.26 + 1.52) %, indicating a robust ability of the P/G/Si printing ink
to promote chondrogenic differentiation (Fig. 7A-B).

3.6. Animal auricular cartilage defect model

To further verify the performance of the scaffold to promote cartilage
formation, an investigation was conducted on rabbit auricular cartilage
defect model. As illustrated in Fig. 7C, samples of both the experimental
group and control group were implanted into the rabbit auricular
cartilage defect model. Fig. 7D-F shows the whole process from the
establishment of the cartilage defect model to the implantation of the
experimental group and the control group, and compared the natural
cartilage with all experimental materials. All rabbits were kept alive
until the end of the experiment without complications. As shown in
Fig. 7G-H, there was no evidence of infection or dehiscence at the sur-
gical site, implant breakdown, or rejection of the implanted materials
after 4 and 12 weeks. Cartilage regeneration was evaluated by histo-
logical morphological staining, including H&E, Alcian blue, Masson,
SO/FG, Collagen I, and Collagen II. After 4 weeks post-operation, his-
tological staining with H&E and Alcian blue revealed the presence of
new chondrocytes at the fracture ends in the 3D-P/G/Si group, while
chondrocyte proliferation was not evident in the other three groups

PIG/Si

Fig. 6. H&E staining results of the heart, liver, spleen and kidney of rats 4 weeks after implantation.
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Fig. 7. Cartilage induction detection. (A) Collagen II/DAPI staining of C28/12 cells. (B) Fluorescence intensity analysis of Collagen II (n = 3). (C) Schematic diagram
of rabbit ear cartilage implantation. (D) Preparation process of rabbit ear cartilage defect model. (E) The PVA, P/G, P/G/Si, 3D-P/G/Si scaffolds were compared with
rabbit auricular cartilage. (F) Implanted scaffolds. (G-H) Samples were taken at 1 and 3 months after implantation. Scale bars at panels A: 100 pm, G and H: 10 mm.

Statistical analysis: *P < 0.05, **P < 0.01, ***P < 0.001.

(Fig. S6, Supporting Information). As depicted in Fig. 8 Ai-ii, fibrous
tissue infiltration and limited cartilage repair capacity were observed at
the defect site in both PVA and P/G groups after 12 weeks of surgery.
Alcian blue staining also confirmed a small amount of chondrocyte
proliferation within the defect area, with positive expression areas
measuring only (5.84 + 1.82) % for PVA group and (6.79 + 0.95) % for
P/G group. In the control group, a few long flat immature chondrocytes
were observed at the edge of the defect area, exhibiting moderate in-
tensity on Alcian blue staining with an expression area of (9.89 + 0.82)
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%. Abundant new cartilage tissues characterized by increased cellularity
and darker Alcian blue staining were observed in both P/G/Si and 3D-P/
G/Si groups. The highest expression of Alcian blue was found in the 3D-
P/G/Si group (14.21 + 1.85) %, surpassing that seen in the P/G/Si
group (11.75 + 1.26) % (Fig. 8B). Similarly, immunohistochemical
staining for Collagen I and Collagen II were also conducted in this study.
The positive expression area of Collagen I was (37.62 + 3.15) %, while
the positive expression area of Collagen II was (33.93 + 4.06) % in the
3D-P/G/Si group, both of which exhibited higher levels compared to
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Fig. 8. Histological assessment of rabbit ear cartilage defect repair at 12 weeks. (A) H&E, Alcian Blue, Collagen I and Collagen II staining images of rabbit ear
cartilage defect repair (C: rabbit ear cartilage, M: material for implantation). (B-D) Quantitation of immunohistochemical intensity of Alcian Blue, Collagen I and

Collagen II (n = 3). Statistical analysis: *P < 0.05, **P < 0.01, ***P < 0.001.

other groups (Fig. 8A-D). Additionally, Masson staining and SO/FG
staining demonstrated that the newly formed cartilage in the 3D-P/G/Si
group exhibited strong staining. The cell morphology was largely pre-
served and arranged in an interwoven pattern, indicating a higher level
of cartilage regeneration activity compared to the other experimental
groups (Fig. S7, Supporting Information).

4. Discussion

To address the main clinical needs of auricular cartilage defects, a
strategy based on biomaterials has recently been developed. This study
provides a 3D printing P/G/Si scaffold forming method, which provides
a new treatment idea for the personalized and precise treatment of
microtia. Our results showed that (1) The P/G/Si hydrogel had excellent
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biocompatibility and the ability to promote cell proliferation. (2) The P/
G/Si scaffold prepared using 3D printing technology met the high-
precision anatomical requirements of human auricle and fitted the me-
chanical properties of auricular cartilage. (3) The 3D-P/G/Si scaffold
created a repair environment for auricular cartilage regeneration and
promoted cartilage growth (Fig. 1).

In this study, the results from 'H NMR and ATR-IR analyses
confirmed that successful cross-linking occurred as a result of the reac-
tion between 6 M NaOH and specific functional groups in PVA. This
reaction led to the breaking of hydrogen bonds and the deprotonation of
the target groups. The newly formed O~ groups in PVA interacted with
free Na' ions in solution, forming new complexes. Subsequently, im-
mersion of the material in deionized water until pH = 7 facilitated
removal of Na' ions, protonation of O groups, and permanent
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stabilization of crystalline domains, resulting in a robust, stretchable,
and durable biomaterial (Fig. 2). However, the cell adhesion ability of
PVA is limited, and it is difficult to form a good and stable relationship
between cells and tissues [42]. The hydrophilicity of the material is
related to the morphology of the material [46]. After adding Gel, the
surface roughness decreased and the water contact angle in the
fifth-second increased significantly. However, the addition of
nano-silica increased the roughness of the hydrogel. Compared with the
PVA and P/G groups, P/G/Si group showed a rougher and larger specific
surface area under SEM. In addition, the appropriate swelling rate
supports the absorption, moisture retention and nutrient exchange of the
hydrogel in the wound [22]. In this study, the printing inks rapidly
expanded in PBS and fully swelled within 24 h, and the swelling rate of
P/G/Si group was three times that of PVA. The results of water contact
angle and swelling showed that P/G/Si group had better hydrophilicity.
Considering the longtime of cartilage regeneration, auricular recon-
struction tissue engineering demands that the degradation rate of the
scaffold should not be too rapid [47]. All groups of printing inks showed
no significant degradation within 28 days, which could provide a stable
environment for cartilage repair. The rheological properties of printing
ink play a crucial role in determining the behavior of the entire 3D
printing process [48]. Therefore, it is imperative to examine the rheo-
logical characteristics of printing ink, including their shear thinning
behavior and viscoelasticity. P/G/Si retained its gel state as a visco-
elastic solid over a temperature range of 10-40 °C. This characteristic
facilitates retention of the filament shape after extrusion and enhances
the fidelity of printed scaffold structures [43]. However, the behavior of
PVA and P/G as fluids within this temperature range presented chal-
lenges in maintaining filament shape during 3D printing. Additionally,
P/G/Si demonstrated excellent shear-thinning properties. In contrast,
the low shear rate and inherent viscosity instability of PVA render it
unsuitable for printing applications. In conclusion, we ultimately
selected P/G/Si as our preferred printing ink for subsequent 3D printing
and characterization performance testing.

Traditional casting fabrication makes it difficult to satisfy the high-
precision anatomical structure of the auricle and cannot achieve
personalized precision treatment [49]. 3D printing has the advantages of
high processing flexibility and wide forming materials, which can meet
the needs of complex structures and personalized manufacturing of
auricle scaffold [50]. Therefore, in this study, a multi-layer porous
auricular cartilage scaffold was prepared by 3D printing technology
using P/G/Si as printing ink. Studies have shown that continuous and
smooth filaments consistent with the inner diameter of the nozzle can
only be obtained when the printing pressure and speed are properly
matched [51]. By adjusting the pressure and speed, we obtained the
optimal printing parameters of different sizes of nozzles (18G, 20G, 22
G). This proved that the printing ink can be adapted to different printing
needs and purposes. To ensure the accuracy of printing, we finally chose
the 22 G (400 pm) nozzle to continue the experiment. SEM showed that
the 3D-P/G/Si scaffold had the advantages of high precision and a stable
internal structure. 3D-P/G/Si still retained its surface roughness after
printing (Fig. 3).

There have been many problems in the preparation of tissue engi-
neering auricular scaffold materials. Among these, mechanical me-
chanics do not match the human auricular cartilage, resulting in collapse
and shedding is a major problem [52,53]. The mechanical properties of
PVA are different from those of human auricular cartilage, and can be
improved by adding Gel and nano-silica. The mechanical strength of the
P/G/Si hydrogel (739.86 + 48.89 kPa) prepared in this study was within
the range of natural cartilage tissue (300-800kpa) [45]. Therefore, the
P/G/Si hydrogel with ideal mechanical properties can be used as
auricular cartilage scaffold for tissue engineering. Furthermore, 3D
printed scaffolds with different pore sizes were prepared, and it was
found that the elastic modulus of the scaffolds could be adjusted by
changing the pore size. The larger the pore size inside the scaffold, the
lower the elastic modulus of the scaffold. Compared with P/G/Si
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hydrogel, the elastic modulus of the 3D printed scaffold with a pore size
of 0 pm was higher, which may be due to the internal structure of the
scaffold. Importantly, the mechanical strength of the 3D printed scaffold
was within the range of natural cartilage tissue (Fig. 4).

In addition to the above characteristics, auricular reconstruction
scaffold also requires good biocompatibility to promote cell adhesion,
internal cartilage formation and new tissue regeneration [54]. Through
experiments, we found that the three groups of printing inks had no
cytotoxicity. The cell proliferation rate of P/G/Si group was higher than
those of PVA group and P/G group. This can be attributed to the fact that
with the addition of gelatin and nano-silica, the hydrogel can provide
more adhesion anchor points for cells, making it easier for cells to adhere
and proliferate in the hydrogel [55]. Compared to 2D structures, 3D
printed scaffold provided a more physiological and organism-prone
environment. Several studies have shown that an appropriate pore
size is not only suitable for cell growth and adhesion but can also
effectively promote chondrocyte differentiation [34]. We prepared a
high-precision multi-layer 3D-P/G/Si scaffold with a pore size of 400 pm
by printing technology. Compared with the P/G/Si hydrogel prepared
by casting, the cells seeded on the scaffold proliferated faster. In the in
vivo experiments, the experimental group materials were implanted
subcutaneously in SD rats, and no obvious rejection was observed in the
printing ink and 3D printed scaffolds (Figs. 5 and 6).

The type of collagen found in cartilage is mainly type II collagen.
Collagen II is not only the main specific component of cartilage extra-
cellular matrix but also a typical marker of mature chondrocyte differ-
entiation [56,57]. In this study, general immunofluorescence staining
confirmed that P/G/Si printing ink promoted the formation of Collagen
II. To further evaluate the effect of scaffolds on cartilage regeneration in
vivo, rabbit auricular cartilage defect model was established, and the
scaffolds were implanted respectively. The newborn cartilage cells are
long and flat, secreting proteoglycan, which can be confirmed by Alcian
blue staining [58]. Furthermore, Masson staining, SO/FG staining, and
immunohistochemical staining for Collagen I and Collagen II were
employed to assess cartilage regeneration. The results of histological
staining at 4 and 12 weeks after implantation showed that cartilage
regeneration in the 3D-P/G/Si scaffold group was significantly higher
than in the other groups. Combined with the results of in vitro and in
vivo experiments, we propose that the scaffold has the potential to
promote cartilage repair (Figs. 7 and 8). However, the present study has
several limitations. First, the exact molecular mechanism by which
P/G/Si printing ink promoted chondrogenesis has not been elucidated.
Second, this study did not print a high-precision human auricular model
based on the shape and structure of human natural auricular cartilage.
Furthermore, to enhance the rigor of the existing in vivo cartilage repair
experiments, it is essential to establish blank groups.

5. Conclusion

The printed multi-scale porous biomimetic scaffold with chondro-
genic active ink was successfully fabricated to achieve a precise fit be-
tween the scaffold and human auricular cartilage. This multi-scale
porous scaffold exhibits enhanced biological activity, conforms to the
mechanical properties of human auricular cartilage, and is suitable for
promoting chondrocyte growth. In this study, the efficacy of the bionic
scaffold with a multi-scale and porous structure in treating auricular
deformities was validated using a rabbit auricular cartilage defect
model. It demonstrated that the bionic scaffold can create an optimal
environment for auricular cartilage regeneration, offering novel insights
into personalized and precise treatment approaches for auricular
deformities.
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