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1. Introduction

Tissue engineering is based on the use of a scaffold
loaded with cells and growth factors. Bioprinting is a
good choice for biofabrication of scaffolds with complex
or customized geometry. The technology includes not
only different types of material dispensing (extrusion-,
inkjet-, and laser-based fabrication) but also a number
of accompanying techniques, such as the use of medical
imaging data (computed tomography [CT] and magnetic
resonance imaging) for the scaffold model creation. The
ability to reproduce both internal structure and external
geometry of the organ or tissue, mimicking native ones
is a key advantage of the approach!'?l. One of the main
challenges in bioprinting is related to the materials.
Bioprinting requires that a biomaterial provides the
scaffold with stability during and after the printing.

Furthermore, cell-laden hydrogel should have elasticity
in a narrow range that provides not only cell survival
but also helps to direct cell differentiation in a certain
way-, It requires the cell-laden material to be both soft
for the cells and rigid to maintain the geometry. Sometimes
the condition is achievable. Gelation as well as cross-
linking processes caused by either ultraviolet (UV)-light,
temperature or pH shift take time, and more accurate
bioprinting is ensured by hydrogels in the form of high
viscous liquid or gel in its early sol-gel stage!®“). In both
cases, additional material support during biofabrication
may be necessary.

Bioprinting is a promising approach for restoration
of many types of tissues, including cartilage. The human
thyroid cartilage is a good model to verify a new bioprinting
technique. The cartilage has a complex geometry with
overhanging elements. Its printing process requires the use
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of additional support to improve the quality and stability of
the scaffold both during and after biofabrication processes.
Synthetic polymers such as poly(lactic acid) (PLA) or
polycaprolactone (PCL) are widely used>'%!"l, These
components provide a scaffold with necessary stability but
do not fully correspond to hydrogel printing conditions
(e.g., a temperature). Thus, its application with hydrogels
for biofabrication using bioprinting is limited. Another
approach related to the use of temporary hydrogel support
(e.g., gelatin) still could be applied. In accordance with the
technique described in the study, a temporary component is
located only in places where the main material needs some
prop. Each layer of biomaterial is laid on the previous one
consisting either of the same biomaterial or the supporting
material. It guarantees stability of the structure during the
printing process and formation of required scaffold geometry
in the result of biofabrication.

Non-neutralized collagen at the stock concentration
was applied as the main cartilage scaffold component.
It helped to validate the support performance since no
gelation (that increases elasticity of the material) occurred.
At the same time, biocompatibility of neutralized collagen
was also assessed. The supporting part of the scaffold
consists of gelatin, which was a temporary element. The
aim of the study was to develop an approach for human
thyroid cartilage scaffold temporal support formation,
which is applicable in the case of extrusion-based
bioprinting with hydrogels.

2. Materials and methods
2.1. 3D-model preparation

The thyroid cartilage model was based on CT images
obtained as a part of routing diagnostic procedures. Informed
consent was obtained from all patients before the study.
Acquisition of CT data was conducted by a multi-detector
CT-scanner (Siemens Somatom Emotion 6, Germany). Neck
scanning was performed with a slice thickness of 1.25 mm,
0 gantry tilt, and image resolution of 512 x 512 pixels. The
acquisition data were stored in DICOM files.

Reconstruction of DICOM images was performed
by 3D Slicer 4.10.2 and MeshLab 2016.12. The integrity
of a mesh forming the model was checked using
Autodesk Meshmixer 3.5.474. The same software was
used to estimate the wall thickness of the supporting
part of the scaffold. Further processing of the model and
its modification for bioprinting was carried out using
FreeCAD 0.17. The volume of obtained models was
calculated by NewCreatorK 1.57.63. Veusz 3.0.1 was
used to visualize the results.

2.2. Hydrogels

Porcine atelocollagen type I (Viscoll, Imtek Ltd, Russia)
was used as the main scaffold material. The properties

of the material were previously described!'?. Briefly,
the material is a soluble collagen fraction obtained by
acidic extraction from porcine tendons, purified with a
few salt precipitation and ion-exchange chromatography,
sterilized by filtration, and stored in lyophilized condition.
Collagen gel was prepared by reconstitution of 10 mM
acetic acid to a concentration of 80 mg/ml.

Gelatin derived from porcine skin (80-120 g
Bloom, Type A, Sigma-Aldrich, cat. no. G6144) was
used as temporal material. It was dissolved in distilled
water and sterilized by autoclaving (120°C, 1 bar).
Gelatin concentration was 12%. At room temperature, the
material was in gel state('],

2.3. 3D-printing procedure

The scaffold was created using extrusion-based print-
heads of Rokit in vivo 3D-bioprinter (South Korea).
Slicing of the model was conducted in NewCreatorK
1.57.63. The scaffold and the support were printed
with two 10 ml syringe dispensers. The materials
were supplied through 21G needles. The printing was
performed on a glass attached to the printing table with
magnets. Temperature (23°C) was maintained within the
chamber, on the printing table, as well as in the syringes.
The main printing options are presented in Table 1 and
were the same for both materials. Immediately after the
printing was completed, the object was placed in a cold
buffer (80 mM Tris-HCI, PanEco, Russia).

Due to certain mobility of plastic syringes and
needles, the centers of printing heads had to be adjusted.
For this purpose, the outlines of a 10 mm side square
were printed. Previously, one of the outlines had been
slightly displaced to improve misalignment visualization.
The difference was evaluated by microscopy (Biomed 3,
Russia) and Imagel 1.52.

2.4. CT-verification

The scaffold geometry was verified using CT. The study
was performed on Optima CT660 (GE Medical Systems,
USA) with 120 kV and 340 mA. The acquisition protocol
included the use of 64 detectors, 0.625 mm cut thickness,
0 gantry tilt, and 1.0 s rotation time. Post-processing of
CT-acquisition was performed in Advantage Workstation
4.6 (GE Medical Systems, USA). Further procedures were
carried out in NewCreatorK 1.57.63 and FreeCAD 0.17.

Table 1. Printing parameters

Parameter Value
Layer height, pm 386
Input flow, % 150
Fill density, % 66
Infill pattern concentric
Print speed, mm/s 5.0
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When comparing the two models, base levels were set
manually. XY planes were matched according to the value
of the cut volume (ranging from —2 to +2 mm both for X-
and Y-axis). The minimal value was sought. At the chosen
point, the difference between the models was estimated.

2.5. Cell culture

The cells were received from Wistar rat rib cartilage
(4 days, 8.5 g) following the general recommendations of
A Tsyb Minority Recruitment and Retention Committee for
bioethics of experimental research on laboratory animals.
The primary cell culture was obtained according to Gartland
et al. protocol!. Briefly, a mixture of 0.25% trypsin, 0.2%
collagenase II type, and Dulbecco’s Modified Eagle’s
Medium (DMEM) media (these materials were purchased
from PanEco, Russia) were used to dissolve the cartilage.
After the first step of isolation, the cleaned ribs were left
overnight in media with fetal bovine serum (Biosera,
France) at 4°C. On the next day, the isolation procedure
was repeated, and then the cells were washed by two
cycles of precipitation and resuspension. The chondrocytes
were cultivated in DMEM (4.5 g/l glucose) with serum,
penicillin-streptomycin, and glutamine (both were
purchased from PanEco, Russia) at 4°C and 5% CO,. The
cell culture was characterized by Alcian blue stain (Sigma-
Aldrich) in accordance with Gosset et al. protocols!. For
the experiment, the second passage was used.
Biocompatibility testing was conducted for
neutralized collagen gel with 40 mg/ml concentration
(recommended for the study by the manufacturer) in
contrast to 80 mg/ml hydrogel that was used to verify the
described technique. The neutralization buffer contains
50 mM Tris-HCl and DMEM/F12 medium (pH 8). To
examine collagen biocompatibility, 8 x 8 x 0.2 mm
scaffolds were printed. Printing parameters and conditions
were the same as for the thyroid cartilage scaffold
fabrication. The cell-laden scaffolds were incubated in
the standard conditions for cell cultures. On the 3 and
7" days, the tissue scaffolds were analyzed using a Live/
Dead assay (Sigma-Aldrich) according to manufacturer
protocol. The images were processed using ImageJ 1.52.

2.6. Statistics

Cell viability data were analyzed in R 3.5.3 (2019). The
error of cell viability ratio was assessed in accordance
with a Poisson distribution. Contingency table and Chi-
square test were used to compare cell viability. The
difference was considered significant at P < 0.05.

3. Results
3.1. Human thyroid cartilage model

The area of interest contouring for each slice was carried
out manually (Figure 1A). The creation of the 3D model

was conducted using context-sensitive smoothing.
Subsequent processing was performed in MeshLab.
The density of polygonal mesh was reduced, and
surface defects were corrected. Thyroid cartilage model
(Figure 1B) has a dimension of 49.7 x 41.3 X 35.5 mm
and consists of 12,712 polygons.

After receiving the mesh type model, it was
converted into the solid body in FreeCAD (tolerance for
sewing was 0.01). Before further conversion, the model
was manually aligned by the base (Figure 1B). Locations
of the future supports (in places of ledges) are shown in
Figure 1C and D.

3.2. Support formation procedure

The supporting part of the scaffold was located only in
places of collagen ledges to optimize the printing process
(printing time and amount of material). Thus, the general
outline (overall projection) of the entire thyroid cartilage
model on the XY-plane was not changed.

A set of scaffold cross-sections was used to create
the support. For the preliminary estimation, 2 mm step
was chosen (Figure 2A). The overall number of slices
was 17. Each cross-section was extruded to the base of the
model. Thus, a general model for collagen and gelatin was
obtained (Figure 2B). The support model was obtained by
a Boolean operation of subtraction the model of thyroid
cartilage from a general model for collagen and gelatin.
The complete supporting part of the scaffold (Figure 2C)
has 23,172 faces and a size of 47.7 x 41.0 x 34.0 mm.

3.2. Influence of cross-section number on the
quality of the support
The procedure described above included the use of 17

cross-sections with 2 mm step. The number of slices can
vary depending on the given model. The data on the effect

Figure 1. Thyroid cartilage model formation. (A) The area of
interest at DICOM image (marked in red). (B) Model solid body.
(C and D) Support material location (yellow). Scale bar — 1 cm.
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of the cross-section number on the quality of supports
obtained are presented in Figure 3A.

The volume of the support increases with an
increment of slice number. An intermediate value (2 mm)
was approved for the study. The use of a smaller step
unnecessarily complicates the model increasing the
number of polygons (6.81 x 104 for 0.5 mm step), thus,
making the process of the support creation more time
consuming, necessitating further modification which
would toughen both software and hardware.requirements.

Analysis of the effect of each slice (Figure 3B) on
the formation of the supporting part of the scaffold showed
that the greatest increase in the volume of the support is
determined by two sets of sections. The first set, which
is in the range of 2+6 mm, is responsible for the base of
the support. The second set (12+24 mm) contributes to the
model due to a slope of thyroid cartilage walls. A smaller
impact is made by the group of slices in the range of 30+34
mm. However, they are responsible for an important
part of the model which especially needs support. These
elements are shown in the upper right part of Figure 1C.

3.3. Assessment and modification of the support
wall thickness

Further processing of support model included
modification of wall thickness. The process of supporting

‘ ’_.5/ 2
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creation (involved subtracting the model of thyroid
cartilage from the extruded projections) could lead to the
formation of areas with walls thinner than the size of a
dispenser nozzle. In this case, a proper slicing procedure
(g-code creation) would fail. Ultimately, it would lead to
areas where the main material will not have support. In
Figure 4A-C, such an analysis is presented by means of
Meshmixer for the supports with different steps of cross-
section (conversation into the solid body was carried out
in accordance with standard software parameters). The
disagreement of wall thickness with minimal possible
value is specific for all variants. To solve this issue, three
options were applied in “Accurate mode,” as shown in
Table 2.

The considered parameters refer to the number of
voxels used in the courses of primary (“Solid accuracy”)
and secondary (“Mesh density”) approximation of the
model, as well as the restriction of minimal thickness.

Table 2. Meshmixer conversation parameters

Procedure Solid Mesh Min
accuracy density thickness, mm

1 128 128 0.52

2 128 128 1.03

3 96 512 0.52

J

Figure 2. The process of support creation. (A) Cross-sections with 2 mm step. (B) The volume formed by extruding of each slice to the base.
(C) The complete support model obtained by subtracting the thyroid cartilage model from the model in Figure 1(A).
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Figure 3. The effect of cross-section number on the quality of supporting part of the scaffold. (A) Dependence of the overall volume (model
quality) and a number of polygons (model complexity) on the step of the cross-section in the range of 0.5+8 mm. (B) Volume increases for
each new slice (from the bottom one) and area of each section for 2 mm step.
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Figure 4. Assessment of wall thickness of the support and optimization options. (A-C) Areas with thickness <0.52 cm for options with 0.5,
2.0, and 8 mm slice step, respectively. (D-G). The result of procedures 1, 2, and 3 applying the support with 2.0 mm step (b). (H). Areas with
thickness <1.03 cm for the support with 2.0 mm step underwent double modification according to procedure 1 (g).

The maximal values for the first two parameters were
512. Thus, the used values (96, 128, and 512 units)
referred to 19, 25, and 100%. According to the table,
procedures 1 and 3 included a minimal thickness
value requirement that fitted nozzle diameter (two
nozzle diameters in the case of procedure 2). The
value of “Solid accuracy” in the case of procedure 3
also fitted diameter of a nozzle (96 units—0.517 mm).
The data obtained are presented in Figure 4D-F. All
approaches have improved wall thickness. Procedure
2 led to undesirable overlap between the support and
thyroid cartilage scaffold. Procedure 3 resulted in the
unreasonable complication of the model (the number of
polygons increased by 15 times). It could be assumed
that a slight decrease in “Mesh density” parameter
would reduce the complexity of the support but will
not contribute to the issue of wall thickness. Another
optimization option was considered. Procedure 1 was
reapplied (Figure 4G). The effect (the most pronounced

change is shown by arrows) was satisfactory and did not
result in complication of the model.

It should be noted that all these procedures were not
accompanied by the change in volume of the support. The
decrease in this parameter for Figure 4D-G was 0.90,
0.80, 0.95, and 1.10% of the initial model (Figure 4B),
respectively.

Depending on printing parameters, the problem of
excessively thin walls may be almost unsolvable. The
areas of wall thickness model of <1.03 mm are shown in
Figure 4H. These data are important for printing of the
scaffold with supports on a small scale (e.g., 1:2), or in the
case of non-standard printing parameters (e.g., material
output, and fill density). Both events were investigated
in this study. An additional application of the procedures
for wall thickness optimization was impossible since this
would inevitably entail critical changes in the geometry
of the support.
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3.5. 3D bioprinting

Since extrusion-based bioprinting with mechanical
material supply does not provide instant pressure relief
and subsequent sharp pressure increase in the syringes
when the dispenser change takes place (in contrast to
pneumatic dosing), the formation of each new layer
requires preliminary normalization of the parameter. For
these purposes, next to the main object, an additional
element was printed (in Figure SA and B on the left).
During its formation, the pressure in the syringe was
increased and by the time the scaffold was printed, it
reached the required value.

The decrease in material retraction frequency during
non-printing motions (both with gelatin or collagen) was
minimized using a concentric filling pattern. Preliminary
material testing showed that 150% material output and
layer height at the level of 75% of nozzle diameter (386
wm in the case of 21G needles) were appropriate printing
parameters for both materials. Filling density was set at
66% (corresponding to 99% filling for 150% material
output).

The described approach was verified by printing a
cell-free scaffold of thyroid cartilage at 1:2 scales. The
printing was conducted by two dispensers containing
collagen, and gelatin. The complete scaffold is shown in
Figure 5B. The scaffold was printed twice to confirm the
quality of the support. The printed scaffold corresponds
to the given thyroid cartilage model on the whole. Gelatin

Figure 5. The thyroid cartilage scaffold with the support. (A) In the
beginning of biofabrication: The white component was collagen,
while the transparent component was gelatin. (B) Immediately
after the printing: On the left side, the additional printing element,
required for normalization of pressure in a syringe after changing
the dispenser at each new layer.

A

support was well visualized. Certain defects in the design
of the scaffold occur due to the small scale and can be
eliminated by printing in full-size mode. For further
procedures, the object was placed in the cold buffer bath.

3.6. Geometry verification

The geometry of the printed scaffold with the support was
verified using CT (Figure 6A). Since incubation buffer
and collagen (as well as gelatin) have almost the same
density, the solution was removed before CT-verification.
Some geometry-related discrepancy with the input model
(also general for collagen and gelatin) was observed. The
possible reasons for this were half-scale object printing,
processes of material fluidity, and drying process during
and after the printing (including the time before the CT-
scanning). In respect of the total volume, the printed
object exceeded the input model by 10.4% (18.013 cm?
vs. 16.314 c¢cm®). The printed object had the redundant
volume at the level 0f 24.0 % (Figure 6C) and the missing
volume of 13.6% (Figure 6D). The conforming volume
(for the model and printed object, Figure 6B) was 86.4%.

3.7. Biocompatibility

High cell survival was observed on the 3rd day of
scaffold incubation (Figure 7A). There were 88.1 +
5.3% of living cells according to the Live/Dead assay. In
4 days (Figure 7B), cell viability increased up to 94.5
+ 5.2%. The difference was significant, according to
Chi-square test. Thus, the used biomaterial provides the
necessary level of biocompatibility for cell survival and
proliferation.

4. Discussion

In the literature, there is a significant number of studies
on the restoration of cartilage using hydrogel-based
scaffolds. However, they are mainly related to objects
up to 0.5 mm in height. There were few studies aimed
at creating complete cartilage scaffolds!'®!”). Sun et al.l'®
fabricated scaffolds which could be applied for treating
thyroid cartilage injuries using low-temperature
deposition technology with hydroxyapatite and chitosan.

Figure 6. Thyroid cartilage scaffold with the support. (A) The input model (marked in blue) and the printed object CT-reconstruction (red).
(B) The conforming volume (blue). (C) The redundant volume (green). (D) The missing volume (orange).
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Figure 7. Estimation of viability rat chondrocytes in collagen
scaffold through staining (A) On the 3™ and (B) 7" days of
incubation. The green indicates live cells, while the red indicates
dead cells. Composite images were made of 10 layers. Scale bar —
100 um.

This method provides well-formed porous structures,
large surface area and space for cell attachment, growth,
and proliferation. Moreover, larynx and trachea scaffolds
made of polypropylene mesh covered with collagen
sponge have already been used clinically!”®. The
technology involves the use of a tube-shaped frame (made
of polypropylene mesh), as well as polypropylene support
ring embedded in it to provide rigidity to the structure.
The inner and outer surfaces of the tubes were coated with
collagen. Our results on collagen biocompatibility testing
confirm suitability of collagen as a substrate/scaffold for
cell proliferation.

Since both technologies described above are
related to the acellular scaffold type, they could not
be directly compared with the method described in the
study. The technique which is closest to our approach
was described by Hinton et al.?. They used freeform
reversible embedding of suspended hydrogels (FRESH).
Based on the technique, printing hydrogel was embedded
in a secondary hydrogel, which serves as temporary
thermoreversible and biocompatible support. 3D-imprints
of alginate, fibrin, matrigel, and collagen were obtained.
The method was later improved to ensure higher
printing accuracy®®!l. Other similar techniques have been
described by Bhattacharjee et al.’?) and Wu et al.®.
An alternative approach for biofabrication of a scaffold
with high complexity in its geometry is related to the
use of reverse strategy: Placement of sacrificial material
in main material. Basically, such constructions serve as
an additional means of forming hollow channels?*2#],
However, when the geometry is complicated, the use of
an additional custom-shaped mold may be required in
order to form the scaffold, and bioprinting is used only to
create the internal structure of the scaffold™.

Most of the biomaterials used for bioprinting are
usually soft (resulting in fragility of the printed scaffolds);
therefore, there is a high probability of deformation of the
material under its own weight. For the formation of an
elastic filament during the material extrusion, a stage of
polymerization and/or cross-linking is urgent. Depending

on the design of the study, internal structure and geometry
ofascaffold, the polymerization and/or cross-linking occur
before or during bioprinting, or even after the formation
of the whole scaffold. The guided polymerization and/
or cross-linking of the biomaterial are influenced by
different physical and chemical factors: UV, temperature,
ion concentration, pH, etc. Collagen is a fibrillar protein
comprising of connective tissue (tendon, bone, cartilage,
dermis, etc.). Collagen type I is characterized by high
affinity to the cells and lack of species specificity!=%.
The material provides cell adhesion, migration,
proliferation, and differentiation. As a component of
extracellular matrix, collagen ensures the rigidity and
integrity of a tissuel?. However, collagen itself has weak
mechanical properties and a high rate of biodegradation.
The native way of collagen polymerization is a shift in
temperature (increase) and pH (increase)®!. Another
option suggests inverse pH change (decrease), but it
will result in low cell viability®>*!, The applicability of
additional chemical cross-linking with genipin®®*, tannic
acid™®l, glutaraldehydeP®, and dialdehyde starch®”
has been shown. Drzewiecki et al. described the use of
photocuring collagen methacrylamide as a bio-ink (cell-
laden biomaterial applicable for bioprinting)©*l. Another
option is riboflavin that provides the formation of covalent
crosslinks in collagen®. In the present study, no forced
cross-linking and high concentration of the material were
used to increase stiffness of the scaffold.

In our study, gelatin served as the supporting
material. Gelatin is a collagen hydrolysate. and has the
same amino acid composition*”. Unlike collagen, gelatin
is soluble in water. In tissue engineering, gelatin is used as
sacrificial material that could be easily removed at 37°C
(standard temperature for cell culture and tissue scaffolds
incubation). In general, gelatin is not characterized
by antigenic and immunogenic properties®!!. Tt is
relatively cheap, making it a very attractive material
for 3D-bioprinting. For many years, its reversible “Sol-
Gel” transition has been used for temporal (sacrificial)
scaffold elements. Recently, the use of a commercial
product called Pluronic F-127 has become extensive for
this purpose®*>#3, The material was also adapted to form
macropores in a scaffold®!. Fitzsimmons et al.** showed
that Pluronic F-127 is superior to gelatin as a sacrificial
material for creating vascularized tissues. Both gelatin
and Pluronic F-127 have high printability and ease of
removal. Filament printed with Pluronic F-127 has higher
spatial resolution, greater uniformity, and modulus of
elasticity than the one of gelatin*?. At the same time, the
use of Pluronic F-127 strictly requires incubation at low
temperature (e.g., 4°C) after the printing to complete its
removal from a scaffold™¥, while gelatin can easily melt at
standard temperature (37°C). Gelatin could be considered
as a more affordable material and thus, the first choice for

110 International Journal of Bioprinting (2021)—Volume 7, Issue 2



Arguchinskaya, ef al.

any study. In any case, both materials could be applied to
the technique described in the study.

The used concentration of low-Bloom gelatin (12%)
provided rapid “Sol-Gel” transition at room temperature.
In case of higher Bloom value (e.g., 300 g Bloom) or
lower temperature of the printing table, less concentrated
gelatin should be applied. In the present study, sterilization
of gelatin was achieved by autoclaving. According to our
data, this step does not significantly affect gelatin ability
of “Sol-Gel” transition.

The current stage in the development of bioprinting
is closely related to hydrogels. A number of biologically
inert synthetic polymers can be considered the heritage
of conventional 3D-printing. They have been used both
as a temporary supporting parti*lor a constant supporting
element of a scaffold™'>"l, However, since its extrusion
temperature is much higher than the one appropriate for
cells and hydrogel (in gel state), the use of PLA, PVA
(both 180-200°C), and PCL (60—120°C) could not be
considered the first choice for bioprinting (in contrast to
other tissue engineering approaches). The exception is its
use for a base layer of a scaffold.

The approach proposed in the study is based
on the use of original model cross-sections. Unlike
other studies, the technique considers printing process
optimization, specifically, and printing time. The method
showed its applicability in the case of complex geometry.
Application of this approach requires validation of
printing parameters, such as nozzle diameter, filling
pattern, filling percentage, as well as retraction of related
settings. It has been shown that creation of the support
from a cross-section set with a rare slice step could
reduce its quality, and an increase of the parameter leads
to unreasonable complication of the model. Similarly, the
process of wall thickness modification should take into
consideration should be well-balanced.

In the experiment, we found that printing duration was
one of the main issues. The formation of the human thyroid
cartilage scaffold in scale 1:2 took about 1.5 h to complete
(excluding preparatory procedures). Printing of the full-
sized scaffold would take over 5 h. To solve this problem, it
is advisable to use bigger needles (e.g., 18G vs. 21G needles
used in the study). However, along with the acceleration of
the printing process (up to 2.5 h); It will irreversibly decrease
the scaffold quality. The issue of printing time is related
to another one related to CT-verification. The problem of
scaffold drying in the course of bioprinting arises in many
current bioprinters models. Biofabrication of half- or full-
scale objects requires the possibility to control the chamber
humidity. Although the use of FRESH technique may be
able to offer a solution, this approach has its own limitations
and is not applicable in many bioprinters.

Another challenge of the research was related to
geometry verification. In the course of CT-verification, the

similar density levels of collagen and surrounding media
(buffer) posed a problem to geometry verification. To verify
scaffold geometry, two options were possible. The first one
is related to the use of contrast agent whereas the other one
required media (buffer) removal. Thus, in future studies,
the use of an additional high-density scaffold component
is required as it could distinguish the scaffold outline and
thereby provide more accurate geometry verification.

5. Conclusion

The proposed technique for bioprinting of tissue
scaffolds with complex geometry using temporal support
was verified. The approach is applicable in hydrogel-
based biofabrication using a two-dispenser bioprinter.
This method is not limited for use with human thyroid
cartilage; it can be applied to other types of cartilage as
well as other tissue types.
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