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Abstract

Microtia is a congenital malformation of the external part of the human ear. Recently, bioprinted
auricles have been implanted in the first human patient. The remaining challenge in bioprinting
of human ear is a post-implantation maintenance of bioprinted auricular construct size and shape.
We hypothesize that the use of polylactide stiffeners will enable bioprinting of hybrid auricular
constructs with stable post-implantation size and shape. Using the hybrid bioprinting method,
auricular implants consisting of a custom-shaped polyurethane frame with polylactide stiffeners
and filled with collagen hydrogel containing chondrocytes were printed. Mechanical testing of
the implants was performed and it was shown that adding stiffeners to the frame increased the
resistance of the structure to deformation. The implants were sutured under the temporal fascia in
two mini-pigs for three months, after which a histologic and immunohistochemical study was
performed. The formation of regenerated connective tissue with its own vascular network was
observed, filling the entire volume of the implant. There was no evidence of inflammation or
rejection. The implants maintained their size and shape after implantation. Thus, the in vivo
evaluation of the auricular implant bioprinted by the described hybrid method gave satisfactory

results in preclinical testing and the next logical step is a clinical translation.
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1. Introduction

Birth defects of the external ear (auricle and external auditory canal (EAC)) are called microtia
(11, Surgical correction of auricular anomalies continues to challenge plastic and reconstructive
surgeons 2. Current reconstructive material options broadly include autologous, allogeneic, or
xenogeneic intercostal cartilage as grafts for ear reconstruction Bl However, all of these
materials have limitations. Autologous grafting is usually associated with inflammation, donor
site pain, and a risk of pneumothorax and costochondritis 1. Allogeneic and xenogeneic grafts
have improved compliance, but at a higher risk of immune rejection. An alternative to these
materials is the Medpor implant (Stryker, USA). It is a prefabricated synthetic biocompatible
porous polyethylene implant that can be customized intraoperatively by heating or engraving 561,
The main disadvantages of Medpor are significant risk of implant extrusion, fracture and
immunogenicity 1. Therefore, given the need to find alternatives to the above materials,

cartilage tissue engineering is gradually gaining relevance in ear reconstruction research.

The concept of using tissue engineering for the treatment of microtia is one of the first targets for
practical application of this technology. There are several excellent reviews on tissue engineering
of auricular constructs 8-1%. At one time, mice with implanted tissue-engineered human auricles
became a symbol of tissue engineering. There are two recent major trends in the development of
tissue engineering of auricula: i) bioprinting became the most popular technology 2 and ii)
tissue engineered auricular constructs are already in clinical translation. At least two groups in
China 2231 and one group in USA (AuriNovo™, 3DBio Therapeutics, NCT04399239) reported
the initiation of clinical trials. However, recently 3DBio Therapeutics terminated the study for
reasons unrelated to safety. The clinical trial could be considered successful only in case of high
level of post-implantation fidelity or long-term maintenance of implanted construct size and

shape.

In our previous work 14151 we tried to use printed patient-specific acellular non-biodegradable
implants with biomimetic biomechanical properties. The main advantage of this approach was
the low cost of the process. The main goal was not to generate cartilage, but to make the non-
biodegradable implant biocompatible and biomechanically biomimetic with a high level of post-
implantation fidelity. However, the polymers used induced a certain degree of unwanted foreign

body reaction.



Recent advances in the development of bioprinting technology enable the biofabrication of
patient-specific biodegradable tissue-engineered auricular constructs. Here, we report the novel
variant of hydrid bioprinting technology using polylactide stiffener, which allows not only good
level of biocompatibility and biomimetic biomechanical properties, but also high level of post-
implantation fidelity demonstrated in large animals. The reported satisfactory preclinical data

suggest some possible improvements and strong potential for clinical translation.

2. Materials and methods
2.1. Cell culture

We used primary cultures of porcine chondrocytes isolated from the 1.5 cm x 1.5 cm fragments
of porcine cartilage after mechanical treatment and disaggregation of cartilage samples followed
by incubation with 0.25% trypsin trypsin/EDTA solution (Paneco, cat. # P036p) and 200 U/ml
collagenase-1 solution (Gibco). The resulting suspension was filtered and transferred to a DMEM
medium (Paneco, cat. # C420) containing 10% FBS (Gibco, cat. # 16000-044), supplemented
with antibiotic/antimycotic (Gibco, cat. # 15240-062), 2 mM L-glutamine (Paneco, cat. # F032)
and ITS (Corning, cat.354352). The cells were incubated at 37°C in a humidified atmosphere
with 5% CO2 and routinely split at 85%-95% confluence with trypsin/EDTA solution (Paneco,
cat. # PO36p).

2.2. Bioink preparation

A commercial solution of "Viscoll" sterile porcine collagen at a concentration of 40 mg/mL was
used. Prior to bioink preparation, one part of the collagen solution was neutralized with four
parts of DMEM containing 10% FBS and 100 mM TRIS-HCI buffer (pH 7.2-7.4) at +4°C. The
chondrocyte suspension was then added to prepare the complete bioink. The resulting

composition contained 1 million cells/mL hydrogel solution.

2.3. Bioprinting of tissue-engineered construct



A 3D model of the auricle in STL format was reconstructed from the patient's CT scan data
provided by the Federal Scientific Clinical Centre FMBA of Russia using the ImageJ 3D Viewer
plug-in. Subsequent processing of the 3D model was performed using Fusion 360, and the gyroid

structure was obtained using Prusa Slicer.

Medical grade thermoplastic polyurethane Elastollan 1170A granules (BASF, Germany) and
polylactide granules (Ingeo 4032D, molecular weight 110 kg/mol, NatureWorks LLC) were used.
Filaments for FDM (fused deposition modeling) printing were obtained using a HAAKE
MiniLab 2 twin-screw extruder (Thermo, USA) with the following extrusion parameters: for
PLA the temperature was 180 C, for TPU 170 C. Bioprinting was performed on a custom BiZon
i3 Steel printer from 3DiY, Russia with the following configuration: Cartesian kinematics with
two IDEX printheads, one of which contains two direct extruders for FDM printing, the second
is a syringe extruder with direct ink supply (DIW, direct ink writing). For bioprinting, the printer
was placed in a NEOTERIC B2 biosafety laminar flow cabinet from Lamsystem, Russia. FDM
printing parameters: 0.15 mm layer height, 0.4 mm line width, hot end temperature 215 C and
210 C for TPU and PLA respectively, supporting structures were printed from PLA. Hydrogel
filling was performed according to the following algorithm: every five polymer layers, the pores
of the gyroid mesh were filled with an equal amount of hydrogel using a syringe print head,
needle diameter 0.8 mm (17G).

2.4. In vivo experiments

Two closely related minipigs of the Sus salvanius breed with an average weight of 37.5 kg were
used to evaluate the graftability of the auricular implants. In vivo experiments were performed at
the National Medical Research Center for Otorhinolaryngology of the FMBA of Russia and were
approved by the local ethics committee (Ne 04/23 ot 27.11.2023). Throughout the experiment,
the animals were kept in individual ventilated boxes under exhaust ventilation and were fed ad
libitum. The animal work was carried out in accordance with the ethical principles established by
the European Convention for the Protection of Vertebrate Animals used for Experimental and
Other Scientific Purposes (Strasbourg, 2006) and the International Guidelines for Biomedical
Research in Animals (CIOMS and ICLAS, 2012).



After the manufacture of bioengineered auricles, they were implanted under the temporal fascia.
The operation was performed under total intravenous anesthesia by two teams of surgeons on
both individuals. A skin incision was made in the posterior region, a flap of the temporoparietal
fascia was formed on the branches of the superficial temporal artery, an auricle implant was

installed and covered with a flap.

The observation period was 3 months, then both individuals were humanely removed from the
experiment. Fragments of implants and discs were removed and fixed in a 10% neutral formalin

solution on a phosphate buffer. All implanted materials were sent for histological examination.

2.5. Histological analysis

Serial 4-um thick paraffin sections were prepared. After deparaffinization, they were stained by
the Mallory method (Mallory staining, 21-032, tests, LLC "ErgoProduction™) using standard

techniques to detect collagen, reticular fibers, cartilage, and bone.

2.6. Immunohistochemistry

Immunohistochemical (IHC) study was aimed at detecting angiogenesis markers in the tissue
sample - CD31 (PECAM-1 (platelet endothelial cell adhesion molecule-1) and vascular
endothelial growth factor (VEGF), which were determined separately (“one factor at a time").
Paraffin sections were mounted on slides and deparaffinized in xylene and ethanol of different
concentrations. Immunohistochemical staining was performed using an automated
immunohistochemistry platform - Ventana BenchMark XT automated immunostainer (Roche)
and its reagents according to the manufacturer's protocols and recommendations, using the
visualization system - XT ultra View DAB v3. IHC for detection of CD31 and VEGF was
performed using primary monoclonal antibodies CD31 (1A10) (Leica Biosystems) and VEGF
(VG1) Dako, respectively. Positive and negative controls were used in each case. IHC results
were evaluated visually by analyzing digital copies of histological slides for light microscopy. In
each specimen, the staining intensity (IHC expression strength) of VEGF and CD31 was semi-

quantitatively recorded by two independent observers in 5-7 adjacent fields at high magnification



and scored on a scale of 0 (-, no staining detected), 1 (+, weak immunostaining), 2 (++, moderate
immunostaining) to 3 (+++, strong staining). The mean score was calculated by averaging the

scores and approximating the arithmetic mean to the nearest unit.

All histology slides with stained tissue sections were digitized by full scanning using a digital

slide converter for the Aperio LV1 IVD microscope.
3. Results
3.1 Building the model for printing

A 3D model of a healthy human auricle was reconstructed from CT data (500 um slice thickness)
and mirrored about its base plane (Figure 1A). Figure 1B illustrates the construction of the
stiffeners. The 3D model was subdivided using a series of manually selected secant planes
positioned according to the anatomical features of the intact auricle: the helix, the antihelix, the
concha, and the crura of the helix. In each secant plane, spline curves were created to serve as
axial guides for the stiffeners. The diameter of the stiffener section ranged from 1.5 to 2.5 mm,
the final diameter of 2.0 mm was chosen based on the organoleptic characteristics of the

framework.

The entire internal volume was filled with a gyroid structure using Prusa Slicer with the
following parameters 70% porosity, 0 solid layers, O perimeters, without using sparse fill bonds.
Figure 1C shows the resulting gyroid-filled model. The gyroid structure was then combined with

the stiffeners (solid-filled, formed only from perimeter lines).

Once obtained, the skeletal model (stiffening ribs together with gyroid porosity) was subtracted
from the original auricle model using Prusa Slicer's built-in model combination algorithm to

form the hydrogel filling region.



Figure 1. Designing the implant. A) Reconstruction of a 3D model of the intact auricle from CT
data. B) Construction of stiffening ribs. C) Formation of a porous gyroid structure with

integrated stiffeners.

3.2 Hybrid bioprinting

The frame was printed under laminar conditions as follows: within each layer, the stiffener and
gyroid mesh elements are printed in PLA and TPU, respectively, so that the mesh lines intersect
the stiffeners, thereby increasing the strength of the stiffeners' attachment to the porous filling.
Once the printing of a gyroid cell is complete, but before the gyroid angle is rotated, the pores
are filled with hydrogel using a syringe extruder. After printing, the implant is carefully removed
from the platform and transferred to a sterile culture medium container. The container is stored in

a COz incubator at 37°C until use. Figure 2 shows the process of bioprinting of implants.
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Figure 2. Bioprinting of implants. A) Preparation of the frame model for FDM printing. B)
Preparation of bioinks. C) Hybrid FDM/DIW 3D printing. D) The ear-shaped implant following

3D printing and subsequent incubation in culture medium.

3.3 Mechanical testing of frames for resistance to membrane deformation

In order to verify the influence of the presence of the cruciform ribs on the shape retention of the
implant under the tension of the skin flap, a modelling experiment was carried out by loading the
skeletons with the elastomeric membrane (Figure 3). For this purpose, a testing machine was
developed consisting of a fixed platform with a tensioned elastomeric membrane fixed in a ring
grip, which simulates a skin flap, and a movable crosshead to which the test frame is fixed. The
movable traverse was lowered onto the membrane and pressed through the implant frame, with
the membrane profile image photographed from the side using a digital camera. Each frame was
pressed down to a constant traverse offset from the membrane surface equal to half the ear
implantat height, Figure 3A. The resulting images were binarised according to an automatically
selected threshold. As can be seen in Figure 3B, the processed image contains only one central
contour corresponding to the frame surrounded by the membrane. The largest contour was then

found and its area value was used as a parameter associated with the retention of its 3D shape by
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the scaffold. An auricle model with a solid polyethylene terephthalate glycol (PETG) filling was

printed as a scaffold with negligible deformation.

Three consecutive measurements were taken for each frame type. The shape retention factor S

was calculated for all frame types:

S

§=—

Srigid
where s is the measured contour area, Srigid IS the contour area for the rigid frame.

Figure 3C shows that the frame labelled TPU only, consisting only of gyroid mesh, experiences
the greatest change in shape, with a coefficient of S = 0.5, suggesting the possibility of
significant deformation under skin flap pressure during implantation. The frame with stiffeners,
TPU-PLA, deforms significantly less, S = 0.72, with the deformation increasing rapidly until the
collapse of the pores above the stiffeners, which can be observed visually. This suggests that a
structure with stiffeners is significantly less likely to collapse during implantation than a

structure without stiffeners.

11



A B Treshold C S-factor

QTPUonIy
Ll —— Bl S

D

T 1
0.0 0.5 1.0

il ML}

LR AAAALAS
4 f (
. .

Figure 3. Testing of frames for resistance to membrane deformation. A) Photo of a sold
membrane, side view. B) Binarized image of the membrane profile. C) Comparison of S-factors
for different frames. The quantitative results are presented as mean + standard deviation (n = 3).

D) Photograph of the setup for testing of frames for resistance to membrane deformation.

3.4. Macroscopic and histological analysis of implants

Two minipigs were implanted with the constructs under the temporal fascia (Figure 4). At 3
months after implantation, the mini-pigs were sacrificed, the grafts harvested and macroscopic
observations made. There was no evidence of hematoma, exudate or inflammation in the
surrounding tissues. All implants retained their original shape and were fully integrated with the
temporal muscle and fascia. The ear-shaped chondrocyte/collagen/TPU/PLA-based implants
were not deformed; the surrounding tissues adhered to their surface and replicated all their
anatomical structures. Thus, we found that the TPU/PLA ear-shaped material is biocompatible

12



and has sufficient mechanical strength to maintain its unique shape throughout the implantation

period.

PLA tube
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Figure 4. Experiment on grafting bioprinted constructs into minipigs. A) Schematic diagram of
the placement procedure of bioprinted grafts under the temporal fascia of minipigs. B)
Photograph of the placement procedure of bioprinted grafts under the temporal fascia of minipigs.

C) Photograph of the removal procedure of an auricular implant.

Haematoxylin and eosin staining of the bioengineered ears showed the distribution of
fibrovascular connective tissue with blood vessels of various diameters (Figure 5A). The fibrous
tissue in the collagen/TPU/PLA implant was moderately vascularised and contained rare blood-
filled vessels, with the TPU implant being the least vascularised (Figure 5B,C). All implants
contained fibroblast-like cells that formed a fibrous layer closer to the implant. Inflammatory
infiltration and necrosis were not observed. Collagen fibrils were visualised using Mallory's blue
combination trichrome. Collagen fibres stained more intensely in implants without cells than in
implants with chondrocytes (Figure 5D,E). Collagen/chondrocyte/TPU/PLA-based implants
contained clusters of chondrocytes, whereas individual chondrocytes were found in
collagen/TPU/PLA-based implants. Connective tissue grown through TPU-only implants did not
contain chondrocytes in its composition (Figure 5D-F). It is notable that immunohistochemical
analysis for the expression of VEGF and CD31 T expression markers demonstrated a
pronounced expression in the vascular endothelium of auricular-shaped implants. The expression
of VEGF and CD31 in TPU-based implants was found to be relatively weak (Figure 5G-L).

14
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Figure 5. Histological analysis of axial sections of bioengineered implants stained with H&E
(A,B,C), Mallory trichrome stain (D,E,F) and IHC staining with anti-VEGF antibody (G,H,I) and
anti-CD31 (J,K,L). H&E sections showed the area of connective tissue with blood vessels (V)

containing erythrocytes (ER) (A,B), fibroblast-like cells (red arrows) (C) and a fibrous layer (FL)

around the TPU. Mallory staining shows an abundance of collagen fibres (CF) with single

rounded chondrocytes with lacunae (black arrows) and fibroblasts penetrating into the centre of

the implant (red arrows) and along the periphery (FL). IHC staining for the vascular endothelial

cell markers VEGF and CD31 showed angiogenic activity around the implanted constructs and

within the collagen hydrogel.
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4. Discussion

There are several issues with the use of tissue engineered auricles for the treatment of microtia: 1)
Tissue engineered construct must be patient-specific or custom-designed for specific patients; 2)
Tissue engineered construct must demonstrate a high degree of post-implantation fidelity or (in
other words) it must maintain its size and shape after implantation; 3) Tissue engineered
construct must not demonstrate inflammation, extensive fibrosis, or immune rejection or
extensive foreign body reaction; 4) the tissue-engineered construct must be able to replace the
biodegradable scaffold with extracellular matrix (ECM) produced by living cells in the tissue-
engineered construct; 5) the tissue-engineered auricular construct must be able to develop into
viable cartilage tissue with authentic biomechanical properties. In the reported work, we have

attempted to systematically address these important issues.

Personalization of auricular implants is fundamental to achieving satisfactory aesthetic outcomes
in reconstructive surgery. Recent advances in 3D bioprinting have established patient-specific
fabrication as the dominant paradigm in this field 161, Consistent with these principles, we
reconstructed a 3D model of the auricle from patient CT data and filled the printed scaffold with
autologous porcine chondrocytes in a collagen hydrogel. The use of autologous auricular
chondrocytes as the cell source is particularly advantageous, as these cells are programmed for
elastic cartilage formation. This approach is consistent with previous reports on patient-specific
auricular bioprinting. For example, Zopf et al. *] fabricated patient-specific ear scaffolds using
CT data and achieved good aesthetic outcomes. Our results confirm that CT-based reconstruction
is a reproducible and clinically applicable method for microtia patients.

Maintaining construct size and shape after implantation remains one of the most difficult
challenges in auricular tissue engineering. While most of the work on ear cartilage bioprinting
has focused on controlling cellular behaviour by modifying both the hydrogel itself 8 and
introducing bioactive components into it % little attention has been paid to the problem of
mechanical stability of printed scaffolds in vivo. In many works, the constructs intended for
implantation have the simplest two-dimensional types of internal volume filling and a
predominantly flat shape, which is associated with physical limitations in printing viscous gels.
However, it is known that auricular implants are subject to significant mechanical stress from the

pressure of the skin flap immediately after implantation 2%, which will lead to a noticeable
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change in the geometry of the product, which will not be able to resist this stress. In this study,
we focused on solving the problem of poor mechanical stability of bioprinted ear implants. We
addressed this challenge by incorporating polylactide (PLA) stiffeners into a thermoplastic
polyurethane (TPU) gyroid scaffold. The gyroidal pore structure was chosen because of the
lower anisotropy properties of printed structures made with this type of filling. At the same time,
the pore structure has a considerable effect on both the vascularisation of the construct and the
proliferation of cells present in the hydrogel 2. Moreover, earlier studies demonstrating that
scaffold microarchitecture profoundly influences the chondrogenic potential of tissue-engineered
auricular constructs. Zopf et al. showed that defined spherical micropore architectures produce
more robust cartilage formation than randomly interspersed pores, an effect attributed to

differences in permeability and cell migration 71,

We observed that scaffolds printed from TPU alone (without stiffeners) deformed substantially
under simulated skin flap compression, with a shape retention factor of only S = 0.50. By
contrast, the TPU-PLA hybrid frames demonstrated significantly improved shape retention (S =
0.72). Notably, in a recent study by Fisch et al. 22 which successfully engineered elastic
cartilage approaching native properties, mechanical testing was limited to compression (1.1 +
0.03 MPa), bending, and tensile moduli. The authors did not quantitatively assess dynamic shape
retention under conditions mimicking post-operative skin flap compression, nor did they
introduce an integrated parameter analogous to our S factor. Furthermore, their approach lacks a
rigid reinforcing framework, shape stability relies solely on the maturation of the elastic cartilage
itself within a specialized bioreactor. In contrast, our TPU-PLA stiffeners provide immediate
mechanical support upon implantation, which is critical for resisting compression from the
overlying skin flap. To our knowledge, the present study is the first to introduce a standardized

compression test that simulates post-operative pressure.

The implanted hybrid bioprinted auricular construct maintained its size and shape after
implantation. It is important to mention that low post-implantation fidelity was the main problem
in the first attempt to fabricate tissue-engineered auricular constructs 231, The hybrid bioprinting
approach reported here allows the successful elimination of this persistent and vexing
technological problem that has undermined the potential therapeutic value of many previous
attempts 1241,

17



The long-term success of any tissue-engineered implant depends critically on its biocompatibility.
The polymers selected for our hybrid scaffold (TPU and PLA) are both well-characterized
biomaterials with established safety profiles. A 2023 study investigating the in vitro and in vivo
biocompatibility of 3D-printed TPU/PLA blends for tracheal scaffolds confirmed that these
materials facilitate cell adhesion, migration, and proliferation while promoting angiogenesis in
host cells %, Importantly, that study reported no significant inflammatory reaction in
surrounding tissues, consistent with our own histological observations. In our 3-month minipig
implantation study, we observed no evidence of hematoma, exudate, inflammation, necrosis, or

foreign body giant cell formation.

The ultimate goal of auricular tissue engineering is the formation of functional elastic cartilage
whose biomechanical properties approximate those of the native human ear. In our study,
Mallory's trichrome staining revealed clusters of mature chondrocytes with distinct lacunae in
TPU-PLA constructs containing chondrocyte-laden hydrogel, providing direct histological
evidence of cartilage matrix formation. Notably, in control implants without the cell-laden
hydrogel, chondrogenesis was completely absent, confirming the critical importance of the

cellular component.

The living cells in the construct enabled the formation of connective tissue that regenerates with
its own vascular network and fills the entire volume of the implant. Normal cartilage is a typical
example of avascular tissue such as cornea or heart valves, and formation of vascular cartilage is
usually evaluated as biofabrication of hypertrophic cartilage. However, the penetration of
polymeric auricular implant after implantation is usually associated with suboptimal inadequate
skin vascularization ?°1. In this context, vascularization of bioprinted constructs allows a viability
of skin-covered implants. The presence of neovascularization is critical for the safe functioning
of an implanted auricular prosthesis. Since bioinert materials, such as high-density polyethylene,
poorly support the ingrowth of small blood vessels into the implant, immune-competent cells are
scarcely present 271, This, in turn, can lead to severe consequences in the event of infection
within the implant, for instance, due to traumatic damage to the skin. This is indirectly supported
by the significantly higher rate of post-implantation removal of Medpor® (Porex Surgical,
Newnan, Ga., USA) implants compared to the use of autologous cartilage in auricular
reconstruction surgeries 8. In our study, TPU-PLA constructs implanted with chondrocyte-

18



laden hydrogel showed strong expression of VEGF and CD31, indicating active angiogenesis.
Importantly, this neovascularization did not induce cartilage degradation or hypertrophy. By
contrast, TPU-only constructs exhibited minimal VEGF and CD31 expression, resulting in poor
tissue integration. Thus, in the context of large-volume auricular regeneration, controlled
angiogenesis is not a drawback but a critical requirement for implant survival and long-term

functionality.

Another interesting fact is that during embryonic chondrogenesis, regression of blood
microvessels occurs before cartilage differentiation %1, Moreover, at least theoretically, some of
the endothelial cells do not die but may contribute to chondrogenesis by endothelial-
mesenchymal transition B3, If this is the case, then the addition of some known chondrogenic
factors such as TGF-beta 2% in a bioprinted polymer or hydrogel can dramatically enhance
chondrogenesis in a biomimetic manner. It could be a form of artificial biomimetic recapitulation

of natural embryonic chondrogenesis.

The optimal balance between the kinetics of polymer degradation and the dynamics of de novo
extracellular matrix synthesis by chondrocytes is responsible for maintaining the initial
biomechanical properties of the bioprinted auricular construct. Acceleration and not well
controlled polymer degradation not compensated by de novo synthesis of extracellular matrix
could compromise initial biomechanical property of construct and even lead to low level of post-
implantation fidelity or change in the construct size and shape. The balance of both processes
(polymer degradation and de novo ECM synthesis) is essential for post-implantation fidelity and

deserves special study.

Our findings have direct clinical relevance in the context of ongoing translational efforts. The
AuriNovo implant (3DBio Therapeutics), evaluated in a Phase 1/2 clinical trial (NCT04399239)
for microtia reconstruction, demonstrated the feasibility of patient-specific bioprinted ear
constructs. However, that study was recently terminated for reasons unrelated to safety. A
follow-up study (NCT06072040, AUR-201) is now recruiting patients aged 8-29 years with
Grade 11-1V unilateral microtia. Meanwhile, conventional methods remain problematic: a 2025
meta-analysis reported that porous polyethylene (Medpor) implants are associated with higher
rates of infection, framework exposure, and redo procedures compared to autologous rib

cartilage 34, Autologous rib cartilage reconstruction, while durable, is associated with significant

19



donor site morbidity, pneumothorax risk, and post-operative pain. Our hybrid bioprinting
approach, incorporating biodegradable stiffeners and chondrocyte-laden hydrogel, addresses
these limitations by providing immediate post-operative mechanical support while promoting
gradual tissue regeneration, potentially reducing the need for revision surgeries.

5. Conclusion

In this study, we successfully developed a patient-specific hybrid bioprinted auricular implant
that combines mechanical stability with biological integration. The implants maintained their
shape and size for three months in a minipig model, with no signs of inflammation, rejection, or
necrosis. Robust neovascularization and formation of fibrovascular tissue containing
chondrocyte clusters were observed. These results demonstrate that the proposed hybrid implant
addresses key limitations of current clinical approaches, including donor site morbidity
associated with autologous rib cartilage harvesting and the high infection/exposure rates of
Medpor implants. By providing immediate mechanical support and promoting vascularization,
this implant represents a promising clinical alternative for patients with microtia. The present
findings demonstrate the feasibility of the proposed hybrid bioprinting approach; however,
further long-term studies are warranted to assess graft maturation, post-implantation shape

fidelity, and functional outcomes before clinical translation.
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