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This study is a part of ongoing research conducted to develop an ideal implant for augmentation rhinoplasty using a combination
of cartilage tissue engineering and 3D printing (3DP) techniques. A promising nasal implant-shaped (NIS) scaffold for rhinoplasty
should have flexibility similar enough to native cartilage tissue to maintain its mechanical stability after implantation into a nose. In
scaffold fabrication using 3DP, the pore pattern or architecture has a significant effect on the mechanical properties of a scaffold.
In this study, we proposed octahedron pore architecture inspired by a zigzag spring, which stores more mechanical energy than a
simple rod. Therefore, we assumed that the scaffold having octahedron pore architecture is more flexible than one that has the cube
or lattice pore architecture that is widely used in tissue engineering based on 3DP. To verify this assumption, scaffolds having
octahedron, cube, or lattice pore architecture with the same porosity and same unit cell size were fabricated using projection-based
micro-stereolithography and sacrificial molding, and their mechanical behaviors were analyzed using compression and three-point
bending tests. Compared to the other pore types, the octahedron pore architecture had superior flexibility, which is beneficial for

clinical application of NIS scaffolds.
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1. Introduction

Nasal implants are often used in rhinoplasty to restore, reconstruct,
or reshape the nose.! Autologous cartilage and silicone are the materials
most widely used to construct these implant.! Autologous cartilage has
good biocompatibility and strength, and is therefore the most ideal graft
material, but it has the disadvantages of limited availability and donor
site morbidity.? Silicone implants have neither of these disadvantages,
but their mechanical properties differ from those of native cartilage
tissue, and can result in complications such as infection and extrusion.>
Also, silicone implants are usually sculpted manually by surgeons during
surgery, so their dimensions may not correspond with the desired ones.

One possible method to solve these complications of current
rhinoplasty is to combine 3D printing (3DP) and cartilage tissue
engineering. 3DP techniques fabricate three-dimensional (3D) free-
form structures by stacking layers of two-dimensional (2D) patterns; it
is highly effective at fabricating customized nasal implants to meet
patients’ individual needs.® For cartilage regeneration in rhinoplasty,
the nasal implant is fabricated as a porous scaffold composed of
biodegradable polymer. This polymer should have a suitable degradation
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rate to match a regeneration rate of neocartilage tissue, which should be
non-cytotoxic and has the same mechanical properties as the original
native cartilage tissue.>'° Consequently, use of a nasal implant-shaped
(NIS) scaffold fabricated using 3DP techniques may be a promising
strategy for nasal augmentation.

Enhancing flexibility of nasal implant in rhinoplasty helps to
distribute external force across a larger area to avoid permanent
deformation or failure of the nasal implant and reduce damage to
adjacent tissue. Scaffold flexibility can be controlled by slecting n
appropriate material, but few materials are available for NIS scaffolds,
because the materials must be not only biodegradable and biocompatible,
but also approved by the U.S. Food and Drug Administration (FDA).
Poly-&-caprolactone (PCL) is the best candidate polymer for NIS
scaffolds among the few FDA-approval materials due to its suitable
biodegradability. PCL has sufficient biodegradability from several
months to a few years, so it can stably supporte an NIS scaffold while
neocartilage tissue is fully regenerated. Also, many papaers have
reported cartilage tissue regeneration studies using PCL scaffold.
However, PCL is too rigid for use as a scaffold for rhinoplasty, and is

therefore not suitable for clinical use in NIS scaffolds due to potential
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complications such as extrusion. Other biodegradable elastomers with
high flexibility are available for only researches, but have not gained
FDA approval.""'> Therefore, a method is needed that can fabricate a
sufficiently flexible scaffold from FDA-approved biodegradable
materials.

The flexibility of a scaffold can also be controlled by adjusting its
pore architecture.'>'* Here we report a method for design and fabrication
of a scaffold with octahedron pore architecture having high flexibility,
which can be used in an NIS scaffold. This architecture resembles the
circular pattern of a zigzag spring. An NIS scaffold model having this
type pore was generated using an intersection Boolean operation between
the external shape of nasal implant and pore architecture.'>'S The
flexibility of this pore type, and the viability of cells living in it, was
compared with those of the cube and lattice type pores that have been

used in 3DP fabrication of scaffolds for use in tissue engineering.

2. Materials and Methods

2.1 Design of scaffolds and their sacrificial molds

The NIS scaffold was fabricated by using projection-based micro-
stereolithography (pMSTL) to construct a mold, injecting biomaterial
into it, then removing the mold to leave the scaffold.'*!> Commercial
CAD software (CATIA VS5, Dassault Systemes) was used to generate
a model of the sacrificial mold for the NIS scaffold after designing the
scaffold.

2.1.1 Internal pore architecture design

The octahedron pore architecture was inspired by the zigzag spring,
which is more flexible than a simple rod.'"'® The zigzag spring designed
in this study consisted of 0.5-mm diameter struts inclined at 45° to the
horizontal. A unit cell octahedron pore was designed with circular
pattern to duplicate the unit cell of the zigzag spring as shown in Fig.
la. The internal pore structure of the scaffold was generated using a
rectangular pattern to duplicate its unit cell along three orthogonal
directions as presented in Fig. 1b. For comparison of effectiveness,
cube and lattice pore architectures were also designed using a similar
process.

2.1.2 Design of nasal implant shape

A commercial silicone nasal implant was provided by the Department
of Plastic and Reconstructive Surgery (Seoul National University College
of Medicine). Shape and size of several cross-sections of the implant
were carefully measured using vernier calipers; then the approximate
cross-sections were drawn in CATIA in accordance with their relative
positions on the real object. The Multi-section Solid tool in CATIA
automatically calculated the solid model from these cross-sections as
shown in Fig. 2.

2.1.3 Scaffolds and their sacrificial mold design

NIS scaffold (approximately 9.4x8.2x50 mm) models composed of
octahedron, cube or lattice pore architectures were generated by the
intersection Boolean operation between the nasal implant model and the
pore architectures. In the same manner, rectangular scaffold (4x4x4

mm) models with the pore architecture were designed. Subsequently,

§.5mm
.
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s
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Fig. 1 (a) Design of octahedron pore architecture composed of struts
with a diameter of 0.5 mm, inclination angle of 45°, and unit cell size
of 1 mm. (b) Internal pore structure design using rectangular pattern of
octahedron pore architecture along three orthogonal directions

Masal implant

Nasal implant model

Cross-sections of nasal implant

Fig. 2 Nasal implant model design using Multi-section Solid tool

Sacrificial mold

Intersection Boolean operation NIS scaffold

Fig. 3 Scaffold design by internal Boolean operation between external
shape, and pore architecture and mold design by removal Boolean
operation of scaffold from mold frame

the mold frame was designed according to each scaffold model size.
Fig. 3 shows the design of each mold of the scaffold was completed by

removing Boolean operation of the scaffold from the mold frame. The
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inlets and outlets of the mold models were designed to allow material
injection. The mold models were converted to fabrication data for the
PMSTL system as described elsewhere.'’

2.2 Preparation of alkali-soluble photopolymer

The photo-crosslinking polymer for the sacrificial molding process
should be quickly dissolved; for this reason, an alkali-soluble
photopolymer was synthesized by stirring-induced mixing N,N-
dimethyl-acrylamide (Sigma-Aldrich), methacrylic acid (Sigma-Aldrich),
Poly(vinyl pyrrolidone) (Sigma-Aldrich, MW: 360,000), Irgacure 819
(Ciba Specialty Chemicals) and 1, 4-dihydroxyanthraquinone (Sigma-
Aldrich) in 21:68:11:4:0.3 weight ratio at room temperature (RT).2*?

2.3 Fabrication of sacrificial molds using pMSTL system

The sacrificial molds were fabricated using pMSTL, which is a 3DP
technique to produce a structure by stacking photo-polymerized 2D
patterns.?'> A pMSTL system projects an ultra-violet (UV) light beam
with a 2D pattern onto a photopolymer resin coated which then solidifies
by photo-polymerization into a replica of the pattern. The patterned resin
is detached from the substrate and the cycle is repeated successively to
stack 2D patterns until the 3D object is fabricated.

2.4 Sacrificial molding process to obtain the scaffolds

Poly-&-caprolactone (PCL, Polysciences Inc., MW 43,000~50,000)
was dissolved in chloroform (1.5:1 w:v) then injected through the inlet
of the sacrificial molds using a 1 mm plastic syringe. The sacrificial
molds were immersed in isopropyl alcohol to solidify the PCL/
chloroform solution by removing the chloroform, then the molds were
fully dissolved in 0.5 M NaOH solution to obtain the scaffolds. Residual
NaOH was removed by washing the scaffolds several times in distilled
water.

2.5 Scanning Electron Microscopy

The scaffolds were dried in vacuum at RT for about 4 h, then sputter-
coated with platinum. Their morphologies were observed using a
scanning electron microscope (SU-6600, Hitachi) at an accelerating
voltage of 15 kV.

2.6 Mechanical behavior test

The elastic modulus and bending behavior of each scaffold model
were analyzed using a compression test and a three-point bending test,
respectively using a single column testing system (Instron 3340, Instron).
These tests were conducted in the wet state at RT.

For the compressive test, each rectangular scaffold was placed on a
stainless steel flat plate, and the stress-strain curve was obtained by
applying a load at a crosshead speed of 0.5 mm/min. The elastic modulus
was calculated from the initial linear region of the curve.

For the three-point bending test, the two end points of an NIS
scaffold were mounted horizontally on the gripping units of the testing
device, and shear force was directed vertically to the middle point of
scaffold. Fig. 4 presents the three-point bending test of an NIS scaffold.
The reaction force-deflection curve was recorded at a crosshead speed
of 0.5 mm/min until the scaffold broke. The deflection at the time of
breakage was defined as the deflection at the moment when the highest

reaction force occurred on the curve.

Fig. 4 Three-point bending test of an NIS scaffold with octahedron

pore architecture

2.7 Cell seeding and in vitro culture

Human chondrocytes (C-20/A4) were cultured in Dulbecco’s modified
Eagle’s medium/Ham’s F-12 medium (Gibco-BRL) supplemented with
10% bovine serum (Gibco-BRL) and 1% penicillin/streptomycin (Gibco-
BRL) at 37°C in a humidified atmosphere of 5% CO,.%” Before being
seeded with cells, all NIS scaffolds were sterilized by UV irradiation
and immersion in 70% ethanol. C-20/A4 cell lines were seeded (2x10*
cells/scaffold) onto the scaffolds. The culture medium was changed

every two days.

2.8 Cell viability assay

The cell viability on scaffolds was evaluated using a Cell Count Kit-
8 (CCK-8, Dojindo Molecular Technology) after cultivation in 1, 4, and
7 day to quantify cell attachment and proliferation rate on the scaffold.
Specimens were incubated with 200 pL. medium and 20 pL. CCK-8
solution for 2 h at 37°C. Absorbance was determined at 490 nm using
a microplate reader (Wallac 1420; Perkin Elmer).

2.9 Statistical analysis

The results of each compressive test and three-point bending test are
reported as meantstandard deviation (SD) for n=4. Cell viability was
assessed through biochemical assay to measure the number of viable
cells in media with #»=4. The results are reported as mean+SD. The
statistical significance (p<0.05) levels between experimental groups

were determined using one-way Analysis of variance (ANOVA).

3. Result and Discussion

3.1 Design of scaffolds and their sacrificial molds

The scaffolds and their mold models were designed using commercial
CAD/CAM software, CATIA (Dassault Systemes). Briefly, internal pore
architecture and external structure were individually designed, then their
geometrical information was merged using an intersection Boolean
operation to generate a scaffold structure. The molds of the scaffold
were designed using a removal Boolean operation between scaffold
model and mold frame. This scaffold design process using Boolean
operation allows the scaffold and mold design process to be simplified
by using pre-developed libraries of scaffold internal structure, anatomical
shape, and mold frame.'>'® By this process, the NIS and regular scaffolds
having each of octahedron, cube, and lattice pore architectures and the
sacrificial molds of the scaffolds were designed. As represented in Fig.
5, these scaffolds share the similar porosity (approximately 50%) and
the same unit cell size (1 mm). The designed mold model was exported

into the STL file format, which was subsequently converted to pixel-
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Octahedron pore architecture

Porosity 50.07% 50% 50%
Unit cell size 1 mm 1mm 1mm
Strut size 500 um diameter 500 pm length 500 pm thickness

Fig. 5 NIS scaffold and regular scaffold having each of octahedron
(left), cube (middle), and lattice (right) pore architectures with similar
porosity and same unit cell size (bottom)

Octahedron type pore Cube type pore Lattice type pore

Fig. 6 SEM images of the rectangular scaffolds (upper), and picture
images of the NIS scaffolds (lower)

based data for 3DP using pMSTL.' Fig. 6 represents that fabrication
of the molds for NIS scaffold and regular scaffold was achieved by
vertically stacking cross-section layers of the mold. The scaffold
surfaces were not smooth, but showed a stair-stepping structure as a
natural result of the process of stacking layers.® Similar surface pattern
or roughness occurs on each scaffolds regardless of their pore
scaffolds
manufacturing procedures including 3D printing and injection molding.

architecture, because the were fabricated by same
Similar surface patterns or roughnesses can be assumed to have similar
effects on the mechanical behavior of the scaffolds. Thus, although the
surface roughness of the scaffold could influence the mechanical
characteristics, including flexibility, it is only weakly related to the

effect of pore architecture on mechanical characteristics or flexibility.

3.2 Compressive and bending behavior

The analysis of the effect of the pore architecture on the mechanical
behavior of the scaffold was conducted using a compression test and a
three-point bending test. We recorded the compressive response of the
scaffolds with octahedron, cube, and lattice pore architectures at similar
porosity, and calculated their elastic modulus. As shown in Fig. 7, the
elastic modulus (4.8585+1.1079 MPa) of the octahedron pore
architecture derived from compression test was lower than those of the
cube (7.6581+0.1505 MPa) and lattice pore architecture (12.6038+
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Fig. 7 Elastic modulus calculated from stress-strain curves of scaffolds
with octahedron, cube and lattice type pore in compression test (*p<
0.05)
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Fig. 8 Reaction force-deflection curve (top) of NIS scaffolds in three-
point bending test and the deflection at break (bottom) measured from
the curve (*p<0.05)

0.7564 MPa). Fig. 8 shows the bending behavior was determined for
each scaffold. The bending deflection at break indicates that the
octahedron pore architecture (2.6543+0.0669 mm) is relatively more
pliable than cube (1.5269+0.1780 mm) and lattice (1.3018+0.0919
mm) pore architectures. As shown in Fig. 8, the slopes in the reaction
force-deflection curve indicate the flexibility of the pore architectures;
these results demonstrate that the octahedron pore architecture makes
the NIS scaffold softer and more flexible under deformation than the
other structures within surrounding nasal tissues. Such benefits result in
decreasing damage to surrounding tissues and reduced possibility of
rupture of the NIS, scaffold when an external force is applied to the
nose. In this regard, we consider that octahedron pore architecture has
more suitable mechanical properties for rhinoplasty based on the NIS
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Fig. 9 Cell attachment on scaffolds with octahedron, cube, and lattice
pore architectures. C-20/A4 cell lines were cultured on the scaffolds at
days (D) 1, 4, and 7

scaffold than do cube or lattice pore architecture.

3.3 Cell viability

Cell proliferation rates did not differ significantly (one-way ANOVA,
p>0.05) among scaffold types for 7 days after culture as shown in Fig.
9; therefore, the octahedron pore architecture had no disadvantage in
cell viability, such as attachment and proliferation, compared to the
cube and lattice pore architectures, and is acceptable for use in tissue

engineering.

4. Conclusions

Many studies have been undertaken to develop or improve a
material to control or enhance the mechanical properties of a scaffold.
However, approval to use a new biomaterial for clinical application is
very difficult to obtain due to a strict and prolonged process for
evaluating whether the material is completely biocompatible in the
body. Because the final goal of this study is to develop a nasal implant-
shaped scaffold for clinical application in rhinoplasty, a clinically-
approved biodegradable material should be considered as scaffold
material. A few biodegradable materials have been approved by the
FDA, such as poly (&caprolactone), poly (lactic acid), poly (glycolic
acid), poly (lactic-co-glycolic acid), and poly (ethylene glycol).?*? NIS
scaffolds composed of these materials should be at least as flexible as
a nasal silicone implant to avoid complications such as extrusion.
However, these materials cannot be as flexible as silicone which has an
unacceptably high complication rate in rhinoplasty.”> Although only a
few material factors such as molecular weight (MW) can be exploited
to for manipulate mechanical properties without changing chemical
composition, enhancing flexibility by changing the MW leads to
increase of rigidity.”’ Use of a rigid NIS scaffold for rhinoplasty could
result in complications such as extrusion and infection. Therefore, we
suggest that the flexibility of a scaffold should be increased by methods
that are independent of the materials used. The pore architecture of a
scaffold can have significant effects on its mechanical properties.?® In
this regard, we suggested the use of octahedron pore architecture for
clinical application of biodegradable NIS scaffolds in rhinoplasty and
verified that the octahedron structure is more flexible than cube and
lattice pore architectures, which have been widely used for tissue

engineering based on 3DP. From the results, octahedron pore

architecture could be expected to improve the mechanical behavior of
scaffolds for engineering of other soft tissues such as liver, fat, and
muscle.
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