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Abstract

Tissue engineering aims to construct artificial organs based on cells,
growth factors, and scaffold materials. Scaffolds should promote cellular
activity, provide sufficient nutrition, and remove waste products. In recent
years, 3D bioprinters, which can suspend cells using bioink to fabricate
3D structures, are attracting considerable attention as a technology that
enables uniform cell distribution. However, few studies have examined the
mechanical properties of 3D scaffold by bioink. This study aims to develop
a bioink with good mechanical properties that is easy to produce. As the
result, compared with commercially available bioinks, the fabricated
bioink is easy to prepare by mixing Alg-Na with a collagen solution and
has superior mechanical properties. Our results indicate that some material
properties, such as compressive modulus and surface structure, can be
controlled by varying the ratio of collagen.

Keywords: Composite bioink; Alginate; Collagen; Bioprinting;
Mechanical property.

Introduction

The treatment and regeneration of various organs have been realized
owing to the development of regenerative medicine. In particular, research
on tissue engineering, which is the foundation of bone regeneration therapy,
has been increasing. Tissue engineering aims to construct artificial organs
based on cells, growth factors, and scaffold materials [1]. Scaffolds promote
cellular activity, provide sufficient nutrition, and remove waste products.
Moreover, they have mechanical properties similar to the mechanical
environment of the surrounding tissue, and are nonharmful to the organism.
Additionally, several studies have demonstrated that a three-dimensional
(3D) porous structure is suitable for application as a scaffold material
structure. However, in cell cultures with conventional scaffolds [2], the
cells are seeded on the fabricated scaffolds, resulting in a nonuniform cell
distribution and inefficient organization. 3D bioprinters, which suspend cells
with bioink for the fabrication of 3D structures, are attracting considerable
attention as a technology that enables uniform cell distribution [3]. Currently,
various organs, such as the heart [4], blood vessels [5], and skin [6], have
been fabricated using 3D bioprinters. However, the use of these bioinks are
limited owing to the amount and expensive cost. Moreover, few studies have
evaluated the mechanical properties of 3D scaffolds prepared with bioink.
The mechanical properties of scaffolds play a vital role in cell proliferation
and differentiation[7]. Therefore, this study aims to develop a bioink with
good mechanical properties that is easy to produce.
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Material and Methods

Bioink (Bi) from CELLINK was used as a reference.
Three types of original bioinks were synthesized as follows: a
4.0% sodium alginate (Alg-Na) solution (ACO0) was prepared
by dissolving Alg-Na powder in purified water at 37 °C for
2 days, and subsequently ACO was mixed with a collagen
solution (5.4 mg/g) at 10 vol% (AC10) and 30 vol% (AC30)
(Figure. 1).

A 3D model (diameter, 12 mm; height, 3 mm) of the
scaffold material was generated using the 3D Builder
software, and converted to G-code using the Repetier-Host
software. Subsequently, a 3D bioprinter INKREDIBLE) was
used to construct the 3D model, which was cross-linked using
a 1.0% aqueous calcium chloride solution for 1 h (Figure.2).

Mechanical tests were performed on the fabricated
scaffolds using a mechanical testing machine under a load
of 500 N at | mm/min. Stress-strain curves were generated
from the load and displacement results obtained from the
mechanical tests. Stress (o) and strain (g) were evaluated
using the following formulae:
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where F is the load applied during the compressive tests,
d is the scaffold diameter, L is the scaffold height, and AL
is the displacement after loading at each time interval. The
Young’s modulus was calculated from the slope of the stress-
strain curve in the initial linear region (strain = 0.1-0.3).
The compressive modulus were obtained by measuring
four independent samples and are presented as mean values
with the corresponding standard deviations (£ SDs). One-
way analysis of variance (ANOVA) was performed, and
significant differences were calculated using the Fisher least
significant difference (LSD) method (p < 0.05).

The surface structure of the scaffolds were characterized
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Figure 1: Preparation procedure for the bioink composites.
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Figure 2: Preparation procedure for the 3D scaffold from bioink.
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by field-emission scanning electron microscopy (FE-SEM;
S-4100, Hitachi Ltd., Japan). The scaffolds were mounted on
aluminum stages and sputter-coated with platinum/palladium
using a sputter coater (E-1030, Hitachi Ltd., Japan).

Results and Discussion

Figures 3 (a) and (b) show the stress-strain curves and
compressive modulus of the scaffolds. As shown in Fig. 3
(a), the stress-strain curves exhibited the same trend for all
the bioink samples. As shown in Fig. 3 (b), the compressive
modulus for the Bi, ACO, AC10, and AC30 scaffolds were
105.7 + 18.1, 136.6 = 31.2, 151.4 £ 23.2, and 134.8 + 10.0
kPa, respectively, which followed the trend of AC10> ACO0 >
AC30 > Bi. The highest (AC10) and lowest (Bi) compressive
modulus were significantly different. However, among the
synthesized bioink composite samples (ACO, AC10, and
AC30), AC30, which had the highest collagen content, had
the lowest compressive modulus.

Figure 4 shows FE-SEM micrographs of the scaffolds
prepared with the four bioink samples. The surface structure
of the scaffolds indicated the presence of fibers, which are
thought to be cellulose nanofibers in the bioink. Collagen
fibers were observed on the surfaces of AC10 and AC30.

In this study, the compressive modulus value was
167.8 kPa in ACO. In contrast, Kuo et al. reported that the
compressive modulus of an alginate gel scaffold with a
high Ca content was approximately 70 kPa [8]. Notably,
the concentration of sodium alginate used in this study was
effective for improving the compressive mechanical property.
The surface structures of ACO and AC30, which had similar
compressive modulus, were also similar. The elastic modulus
of ACO, AC10, and AC30 were identical. The concentrations
of the Alg-Na solution in AC10 and AC30 were calculated
to be 3.5% and 3.0%, respectively. Notably, a previous study
reported that the Young's modulus of scaffolds prepared with
alginic acid was proportional to the alginic acid concentration
[9]. In this study, the Young's modulus did not proportionally
increase with a decrease in the Alg-Na concentration in the
bioink composite samples, although, AC10 (3.5% Alg-Na)
had a higher Young's modulus than ACO (4.0% Alg-Na).
This may be owing to the presence of collagen fibers, which
serve as a skeleton, balancing the Alg-Na concentration and
maintaining the elastic modulus.

Conclusion

The mechanical properties of scaffolds synthesized with
Bi, ACO, AC10, and AC30 bioinks using a 3D bioprinter
had the following trend in terms of the Young's modulus
ACI10 > ACO > AC30 > Bi. Compared with commercially
available bioinks, the AC30 bioink is easily prepared by
mixing Alg-Na with a collagen solution and has superior
mechanical properties. However, the Young's modulus of
AC30 was lower than that of ACO, indicating that the use
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Figure 3: Mechanical properties of the scaffolds for the four bioink samples. (a) Stress-strain curves and
(B) compressive modulus (# indicate p < 0.05).
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Figure 4: Field-emission scanning electron microscopy micrographs
of the scaffolds for the four bioink samples.

of the collagen solution resulted in a nonuniform Alg-Na
concentration. The surface structures of AC10 and AC30
exhibited no collagen fibers, indicating that the collagen fiber
content was insufficient. Therefore, it is necessary to improve
the developed method by using solely collagen fibers as an
alternative to the collagen solution. Moreover, inorganic
materials, such as bioceramics, may be combined with the
developed bioink in the future.
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