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Microtia is a combined congenital malformation with the prevalence of one case per 10,000-15,000 newborns, which accounts for 50% of all congenital
malformations. Treatment of microtia is a challenging task. Numerous solutions have been proposed, however, none of these options guarantee good functional
and aesthetic outcome. High hopes for solving the problem are placed on advances in reconstructive surgery. The study was aimed to determine the possibility of
using advanced biocompatible endoprostheses manufactured using the tissue engineering technologies. Two closely related male 2-year-old minipigs of the Sus
salvanius breed underwent implantation of bioengineered implants manufactured by combined 3D bioprinting with application of the collagen solution containing
autologous cartilage tissue cells under the temporal fascia. The samples were collected 3 months later. Histological examination and immunohistochemistry
showed that the implanted endoprosthesis initiated the development of regenerated connective tissue and its own vasculature in 100% of cases, thereby ensuring
cell viability and integrity of biological structures; furthermore, no facts of the endoprosthesis rejection or resorption were reported. We have concluded that the
developed implant manufacturing method is promising and can provide the basis for creation of domestic porous ear implants based on biocompatible polymeric
materials, hydrogels, and autologous cellular material. It is necessary to further test the auricular implant using biological models.
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The combined malformation referred to as microtia or aural
deformity with the external auditory canal atresia, which includes
malformations of the outer and middle ear, has the prevalence
of one case per 10,000-15,000 newborns. The patients with
this abnormality suffer not only from severe conductive hearing
loss, but also from the gross cosmetic defect [1-5].

Treatment of microtia is a challenging task. Numerous
solutions have been proposed, from the use of ear prosthesis
to the reconstructive surgical procedure involving the use of
various surgical techniques and reconstructive materials.
Reconstructive head and neck surgery has to address a
complex set of challenges including not only restoration of the
lost organs, their parts or tissues, and restoration of function,
but also aesthetic rehabilitation [6-8].

Three main methods to eliminate microtia are used in surgical
practice: the use of autologous rib cartilage, porous polyethylene
implant and intraosseous implants for removable prosthetics.
The treatment method is selected based on the microtia severity,
functional goals of surgical correction, patient’s age, wishes of
the patient or his/her representatives. Auricular reconstruction
involving the use of autologous rib cartilage graft is traditionally
carried out on a step-by-step basis, as reported by Tanzer, Brent,
Nagata, and Firmin. The alloplastic implants have gained greater
acceptance as one more option for ear reconstruction, since
alloplastic reconstruction can be performed in younger individuals
without any damage to the donor site. Ear reconstruction using
porous polyethylene (Su-Por, Omnipore, Medpor, Porex Surgical)
is currently considered to be athe standard method for microtia
correction in children under the age of 3 years [3, 4, 9.

The National Medical Research Center for Otorhinolaryngology
of FMBA of Russia has accumulated rich experience in elimination
of microtia since 2014: more than 516 cases involving the use
of various methods and materials. The best outcome was
obtained when using the auricle made of porous polyethylene
heteromaterial as an endoprosthesis. We managed to achieve
satisfactory surgical outcome in 80.48% of cases; complications
developed in 19.52% of cases, among which in 12.19% of cases
partial extrusion of the endoprosthesis helix was reported, and
in 7.31% partial resection of the endoprosthesis was required to
close the defect due to migration of the defect and its eruption
through soft integumentary tissues.

We assessed aesthetic outcomes of auricular reconstruction
using the porous polyethylene heteromaterial. In 24.39% of
cases, no prominent postauricular fold or sufficiently protruding
ear was obtained in the late postoperative period due to

Harvesting an
auricular cartilage

Manufacturing a
biocompatible
implant

Chondrocyte isolation
and culturing

fragment

Fig. 1. Flowchart showing phases of the experiment

Endoprosthesis
implantation into the
minipigs’ temporal

scarring of skin grafts and, consequently, pressing the shaped
auricle to the skull, which was considered as unsatisfactory
outcome. In all other 75.61% of cases, the auricle shaped had
clear contours of the helix and antihelix, correctly positioned
earlobe, and was arranged symmetrically with respect to the
contralateral ear. Thus, we can say that surgical complications
occur in 19.52% of cases when using porous polyethylene
heteromaterial as the auricular endoprosthesis, while
satisfactory aesthetic outcome can be achieved in 75.61% of
cases only. The findings suggest the need to search for new
methods and materials for elimination of microtia [10, 11].

Reconstructive surgery has been developing rapidly over
the years and recently. The area is interdisciplinary, especially
in the field of regenerative medicine. Tissue engineering that
involves developing the constructs made of specific materials
(matrices, scaffolds) and culturing stem cells or tissue-specific
cells on these constructs is an important instrument of
regenerative medicine [12-19].

The advances of modern regenerative medicine have found
use in cardiovascular surgery, traumatology, orthopedics, trachea
surgery, abdominal surgery, urology, plastic and aesthetic surgery,
otolaryngology, and maxillofacial surgery [7, 18, 20-22)].

[t is clear that these technologies can be used for treatment
of microtia. This motivated us to carry out an experimental study
aimed to search for and create new ear endoprostheses using the
today’s capabilities of domestic regenerative medicine and tissue
engineering. The study was aimed to assess the possibility of
using the combined matrices and tissue-engineered constructs
made of biopolymers for auricular reconstruction.

METHODS

Two closely related minipigs of the Sus salvanius breed were
used as biological models in the in vivo experiment. The
average body weight of minipigs was 37.5 kg. Minipigs were
kept at the Research Center of Biomedical Technologies of the
Federal Medical Biological Agency under stress-free conditions
with ad libitum access to food and water. The experiment
included several phases (Fig. 1).

A modified Cartesian FDM printer was used to manufacture
the implant. The technological process of creating the implant
consisted of five major steps: 1) creating a 3D model of the
auricle; 2) transformation and adjustment of ear topology;
3) preparation of the cellular component; 4) preparation of the
collagen hydrogel; 5) manufacturing the implant.

Specimen collection
3 months after
implantation

Histological
examination and IHC
fascia
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To obtain autologous chondrocytes from the elastic
cartilage, two surgical teams harvested auricular cartilage from
the left ears of two animals under total intravenous anesthesia.
The cartilage piece size was 1.5 x 1.5 cm. The cartilage pieces
were placed in different test tubes with transport medium
(buffer). Then chondrocyte isolation from the auricular cartilage
was performed followed by cell culturing and cell population
expansion; this process took a month. The cells were cultured in
the DMEM medium (Gibco; USA) containing 2 mL of L-glutamine
(Paneco; Russia) and the single-dose antibiotic antimycotic
solution (Gibco; USA) supplemented with 10% (v/v) fetal bovine
serum (Gibco; USA) at 37 °C and 5% CO,. The Versene solution
(Paneco; Russia) and the 0.25% trypsin-EDTA solution Gibco;
USA) were used to take the cells off the substrate.

After the chondrocyte cultivation, a bioengineered implant
printed using two polymers and collagen was manufactured.
CT/MRI scans of a healthy patient and the Imaged (USA) and
3D Slicer (USA) software tools were used to create a 3D model
of the auricle. The ear topology transformation and adjustment
needed to create a model of the implant were performed using
the Autodesk Fusion 360 (USA) and/or KOMPAS-3D (Russia)
software tools. The Prusa Slicer and/or Super Slicer (USA)
software was used to prepare the model for printing.

The implant was manufactured by combined 3D printing,
for which printer was installed in sterile environment. The printer
extruders were previously heated to 200 °C, and the stage was
heated to 50 °C. Polylactide was used for stiffeners (Ingeo
4032D, China; Natureworks LLC, USA), and the Elastollan
1170 A 10FCO00 thermoplastic polyurethane was used for
porous scaffold. The polymeric scaffold gyroid pores were filled
with the Viscoll collagen gel (Imtek; Russia). We printed layer-
by-layer, first with polylactide, then with polyurethane, ensuring
that the two polymers were imprinted into each other. After
creating the scaffold, a distinct nozzle was used to imprint the
hydrogel composition into it. To prepare the collagen hydrogel,
dilution and neutralization were performed at a temperature of
+4 °C: first, the syringe containing the culture medium (DMEM,
10% fetal bovine serum, 100 mM Tris-HCI) was hermetically
connected to the syringe containing the 4% type 1 collagen
solution (Viscoll; Russia), in a ratio of 1 : 4. Then the collagen
solution was mixed thoroughly with the culture medium to
obtain the neutralized homogenous collagen solution.

Furthermore, two pairs of cylinders were prepared
(diameter 10.5 mm, length 18 mm). “Cylinder 1” (collagen +
autologous chondrocytes) was filled with the specially prepared
collagen solution with the swine autologous cartilage tissue
cells (chondrocytes, concentration of cells about 30 million per
milliliter). “Cylinder 2” (collagen) was not filled; it represented a
collagen backbone.

After manufacturing the bioengineered auricles and cylinders
1 and 2 these were implanted under the temporal fascia. Two
surgical teams operated both animals simultaneously. The
right temporal fascia was detached under total intravenous
anesthesia; the auricular implant was installed in the muscle bed
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Fig. 2. Surgical wound after implantation of bioengineered ear, “Cylinder 1”
and “Cylinder 2”. a — site of the bioengineered ear implantation in the region
of the right temporal fascia; b — site of the “Cylinder 1” (collagen + autologous
chondrocytes) implantation in the region of the left temporal fascia; ¢ — site of the
“Cylinder 12” (collagen) implantation in the region of frontalis muscle

and wrapped in the temporal fascia. The left temporal fascia,
under which “Cylinder 1” (collagen + autologous chondrocytes)
was implanted, was detached in both animals in the same
way; “Cylinder 2” (collagen) was implanted under the mobilized
frontalis muscle. Thus, three distinct myofascial compartments
with implanted bioengineered materials not connected to each
other were formed in two animals (Fig. 2).

The follow-up period was 3 months. Then both animals
were humanely withdrawn from the experiment through
intravenous euthanasia. The fragments of implants and disks
were collected and fixed in the 10% neutral formalin solution
in phosphate buffer. All the implanted materials were sent for
histological examination.

RESULTS

After harvesting the implants, initial macroscopic assessment of
their condition was performed. Both animals showed complete
integration of grafts with their myofascial sheaths, along with no
signs of tissue infection or necrosis (Fig. 3).

Almost the same pattern was revealed by further histological
examination of bioengineered ears of both animals using the
hematoxylin and eosin stain. A moderately dense, thickened
area of muscle tissue with abundant fibrovascular connective
tissue and blood vessels of varying diameter filled with blood is
visible in both specimens. No inflammatory infiltrate has been
revealed. The dense, acellular eosinophilic tissue (presumably
collagen) adheres closely to the muscle tissue in a multifocal
manner. The central part represents a labyrinthine structure
of intertwined muscle fibers, among which large fields of
eosinophilic fibrous tissue are visible. It should be noted that
there is prominent vascularization increasing along the periphery
of the central part in both specimens, which is indirect evidence
of the graft integration with their myofascial sheaths. Multiple
dense lymphoplasmacytic infiltrates showing predominance
of plasmacytes are seen in the central part. No neutrophilic
inflammation, including the rejection reaction, has been revealed.

Fig. 3. Bioengineered ear (A), “Cylinder 1” (collagen + autologous chondrocytes) (B) and “Cylinder 2” (collagen) (C) after harvesting, 3 months after implantation
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Fig. 4. Histological specimen of bioengineered ear, hematoxylin and eosin stain (A); Mallory stain (B); immunohistochemistry specimen (C)

The similar histological pattern is observed when applying
Mallory stain, when large parts of specimens become deep
blue, which, according to the staining method, corresponds to
collagen fibers. In certain areas, collagen adheres closely to the
muscle fibers (brown stain). Immunohistochemistry testing for
markers of neoangiogenesis (VEGF and CD31) has revealed
weak expression in both specimens (Fig. 4).

Histological examination of the “Cylinder 1” specimen
supplemented with type 1 collagen-based hydrogel containing
autologous chondrocytes has shown that the specimens consist
primarily of loose fibrous tissue with the maze-like voids. In some
places there are narrow fields of fibrosis and small roundish fields
of acellular eosinophilic tissue. The fibrous tissue is moderately
vascularized, with numerous large, slit-like blood vessels filled
with blood. Multifocal inflammatory lymphoplasmacytic infiltrates
have been revealed, along with the development of lymphoid
follicles consisting mainly of small-sized lymphocytes. It is
noteworthy that a narrow layer of mature cartilage tissue can
be seen between the muscles. When applying Mallory stain,
no more than 75% of both specimens become deep blue. The
color intensity suggests that the collagen content is higher on the
periphery. In the center light blue, red, and blue colors can be
seen, which suggests the presence of collagen fibers between
the muscle bundles, on the periphery of specimen, outside the
implant area. Immunohistochemistry testing for expression of
VEGF and CD31 markers has revealed strong expression in the
vascular endothelium (Fig. 5).

A

Histological examination of the “Cylinder 1” stained with
hematoxylin and eosin has revealed predominance of the tissue
fragments consisting entirely of the moderately dense, fibrous
tissue and containing the maze-like voids. The fibrous tissue
and scanty vascularization are visible in the middle part of these
tissues, along the periphery. Dense lymphoplasmacytic sheaths
can be seen around the blood vessels. In the central part, there
are multiple dense mixed-cell infiltrates showing predominance
of plasmacytes and the presence of sporadic lymphocytes,
even smaller neutrophil counts and varying siderophage counts.
When applying Mallory stain, large parts of both specimens
acquire blue color of varying intensity, depending on the field
of view, which suggests high predominance of collagen fibers.
Immunohistochemistry has revealed weak expression of the
neoangiogenesis markers (VEGF and CD31) (Fig. 6).

Comparative characteristics of the histological specimens
of bioengineered ear, “Cylinder 1”7 and “Cylinder 2” obtained
from both animals are provided in Table 1.

The analysis of data provided in Table 1 suggests that the
construct manufactured contributed to the development of
the regenerated connective tissue having its own vasculature,
while the structure of the regenerated tissue fiber backbone
was adjusted to the construct shape, which ensured the joint
response to the exposure to external mechanical forces. There
were no signs of scaffold rejection. Filling the scaffold with cells
and collagen affected the regenerated tissue structure; the
regenerated tissue filled the entire implant in all cases.

C

Fig. 5. Histological specimen of “Cylinder 1” based on type 1 collagen with autologous chondrocytes: hematoxylin and eosin stain (A); Mallory stain (B);

immunohistochemistry specimen (C)

A

Fig. 6. Histological specimen of “Cylinder 2”: hematoxylin and eosin stain (A); Mallory stain (B); immunohistochemistry specimen (C)
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Table. Comparative characteristics of histological specimens obtained from both animals

Animal 1 Animal 2
. Cylinder 1 (collagen + Cylinder 2 ) Cylinder 1 (collagen + Cylinder 2
Auricle chondrocytes) (polylactide) Auricle chondrocytes) (polylactide)
Vascularization ++— +4+— +-= ++— ++— +-—
Integration and adhesion +++ +-= +-= +++ +-— +- =
Angiogenesis markers VEGF — it — — it —
and CD31
Signs of inflammation and
e -——- +—— +—— --- e +——
rejection
Note: +++— — parameter is strongly expressed; ++- — — parameter is moderately expressed; +- — — parameter is weakly expressed; — — — — parameter is not
expressed.
DISCUSSION of live tissues and blood vessels filling the scaffold. Successful

The volumetric product representing a combined tissue-
engineered scaffold in the shape of the auricle was designed
based on the digital 3D model of human auricle. The scaffold
was effectively reproduced by polymer 3D printing and used in
the experiment involving minipigs. The product unique nature
and dimensionality result from the features of the arrangement
of polylactide stiffeners following the contours of the auricular
tragus, antitragus and helix, as well as from the shape and
arrangement of polyurethane gyroid meshes. Imprinting of mesh
threads into polylactide has made it possible to avoid sagging
of the meshes and obtain the mechanically strong polymeric
scaffold suitable for implantation into a living organism. The
interconnected open spaces are located between the threads
of gyroid meshes. These open spaces can be artificially filled
with the collagen-based hydrogel, hydrogel with living cells; the
open spaces turned out to be accessible for natural spontaneous
ingrowth of regenerated surrounding tissues after the scaffold
implantation under the temporal fascia of the living body.

The use of such technologies has made it possible to solve
a series of technical problems reported in many foreign studies,
which are related to the contour path control, mechanical strength,
and stability of the bioengineered endoprosthesis shape [21].

Scaffold implantation under the temporal fascia of the
model animal initiated the development of the regenerated
connective tissue growing from the connective tissue
anatomical structures (primarily temporal fascia) surrounding
the implant. The regenerated tissue inside the implant had its
own vasculature ensuring viability of cells and preservation
of biological structures throughout the entire volume of the
auricular scaffold.

The scaffold structure determined the possibility of growth
and the features of the regenerative and adaptive remodeling
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