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� The bioactive scaffolds were
fabricated by a 3D bio-printing
method to construct microstructures
of abalone shell particles (ASP)
containing bioactive factors.

� ASP is thermally embedded on the
printed scaffold, and can load heat
resistant particles onto the surface
and simple control the roughness of
the surface.

� The ASP scaffold showed increased
viability, proliferation, and
differentiation of osteoblast like cells.

� This study shows the possibility of
applying bioactive scaffolds to the
natural organisms for bon tissue
engineering.
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Abalone shells, which contain both organic and inorganic matter, can facilitate bone remodeling and have
been used to fabricate three-dimensional (3D)-printed scaffolds for bone regeneration. Herein, poly-
caprolactone (PCL) scaffolds were fabricated using 3D printing with abalone shell particles (ASPs) used
in high-temperature processing. ASPs were heated to approximately the melting point of PCL and ther-
mally embedded in 3D-printed PCL using a relatively simple process. The morphology and roughness
of the composite scaffold changed according to the weight of ASPs used. The scaffolds were grouped as
follows: ASP25 (25 mg), ASP50 (50 mg), and ASP100 (100 mg). The ASP25 group exhibited optimum cell
viability and proliferation because of the direct influence of roughness and rapid pH changes. The ASP25
and ASP100 groups showed the highest alkaline phosphatase activity. This could be attributed to the
effect of the alkaline environment, dissolution of calcium ions, and presence of bioactive molecules in
the ASPs that could support bone regeneration. Therefore, the ASP25 group was the most suitable for fab-
ricating bone scaffolds. This study revealed the potential applicability of ASP-embedded scaffolds in bone
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tissue engineering involving natural bio-organisms that self-mineralize in a process similar to human
bone formation.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction Scaffolds have been fabricated by electrospinning and bioprinting
Many methods have been used to treat large bone defects,
including autografts and allografts. However, these methods are
disadvantageous because donors are scarce, and immunogenic
rejection and disease-related complications are prone to occur
[1]. Bone tissue engineering, which involves bone formation or
regeneration using scaffolds for restoration and maintenance, is
becoming increasingly popular for treating bone defects [2]. It is
necessary to create an essential environment by mimicking the
extracellular matrix (ECM) properties of natural bone and bone
structures. Therefore, bone scaffolds require bioactive factors that
can stimulate bone remodeling and structures that can support
the formation of a new bone and then degrade as the new bone
is produced [3].

Scaffolds for bone tissue engineering must have an intercon-
nected structure. The structure should be able to transfer oxygen
and nutrients, construct new vessels through pores, and mimic
the bone structure of an individual patient [2–4]. Bioprinting is
one of the methods used to control the porosity and microstructure
of a scaffold, including its shape and pore size [1,3] In addition,
materials that can be used as bone scaffolds need to be absorbed
safely into the body during the progression of osteogenesis [5].
Polycaprolactone (PCL) is a good material for 3D printing, exhibit-
ing excellent biodegradability, biocompatibility, and processability
[6]. However, it lacks surface bioactivity and cell–scaffold interac-
tions such as cell adhesion and osteoinduction. The PCL polymer is
hydrophobic, which hinders the penetration of cell suspensions [5].
In addition, the acidic degradation of PCL affects the surrounding
tissues and increases the likelihood of inflammation [7]. To over-
come the bioactivity limitations, some studies have introduced
biologically active functional groups or materials such as chitosan
into synthetic polymers [7]. Furthermore, some studies have
increased the surface area or wettability by controlling the rough-
ness via composite scaffolds using hydroxyapatite and calcium car-
bonate [8,9].

Marine organisms have attracted considerable research interest
for use in bone scaffolds because they are a source of osteogenic
bioactive substances that promote new bone formation [10]. Mar-
ine organisms have a complex composition, and the process of
biomineralization exhibits characteristics similar to those required
for human bone formation [11–13]. Abalone, which is a group of
marine gastropod mollusks, exhibits biocompatibility, slow
biodegradability, and osteogenic ability [14]. Abalone shells con-
tain approximately 95%–97% inorganic materials such as calcium
carbonate and 3%–5% organic materials. Calcium carbonate is a
crystallographic form of CaCO3, with calcite in the outer layer
and aragonite in the inner layer (nacre) [12,14,15]. The nacre calci-
fied structures that form the lustrous inner layer have an organic
matrix that is mainly composed of proteins and polysaccharides.
Nacre consists of a brick-and-mortar microstructure, with arago-
nite serving as bricks and organic matter such as chitosan as the
mortar [12,16]. Therefore, a thin sheet of aragonite is covered by
an organic matrix [17]. Water soluble matrix (WSM), which consti-
tutes the macromolecules of the nacre organic matrix, has been
investigated for its effects on cells [18]. Nacreous factors contained
in the WSM of nacre have beneficial effects on bone regeneration.
Studies have shown that they positively affect the proliferation and
differentiation of osteoblast cells [17,19], and the possibility of
using marine shell for bone defect treatment has been reported.
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of blended polymers and shell powders [18,20]. Other studies have
shown the possibility of developing bone-repair materials by mim-
icking the formation of ASPs [9].

In this study, abalone shells, which can assist in bone regener-
ation, were thermally embedded into a biodegradable PCL scaffold
to form a bone scaffold. Abalone shells contain organic materials
that could support osteogenesis as bioactive matter and inorganic
materials that could enhance the mechanical properties and
change the surface roughness to compensate for the limitations
of the PCL scaffold. In addition, this study investigated the effec-
tiveness of using abalone shell particles (ASPs) in bone scaffolds
via a very simple process that only involves heat application to
the ASPs. The cell viability, proliferation, and differentiation of
the osteoblast-like MG63 cell-line on the ASPs was investigated
(Fig. 1).
2. Materials and methods

2.1. Preparation of abalone particles

The abalone shells were thoroughly washed, and the shell, skin,
and meat were separated. The abalone shells used in the experi-
ment underwent high-temperature processing. ASPs were dried
and transferred into an electrical furnace heated at a rate of
10 �C/min and calcined at 300 �C for 8 h. The processed ASPs were
evenly filtered before use.
2.2. Preparation of ASP scaffolds

2.2.1. Fabrication and design of PCL scaffold
The PCL scaffold was fabricated using a 3D bioprinter (PROTEK,

Korea Institute of Machinery and Materials, Korea). This bioprinter
was based on the Fused Deposition Modeling (FDM) method. PCL
pellets (MW: 45 k; Sigma-Aldrich, USA) were melted in a stainless
steel cylindrical barrel, which was heated to a temperature greater
than the melting point of PCL (100 �C) by using a heating jacket. Air
pressure was maintained at approximately 350–420 kPa for print-
ing. The strand size of the scaffold was set using a 400 mm diameter
nozzle, and the gaps between strands were set at 400 mm. The scaf-
fold size was 5 mm � 5 mm � 3 mm (W � D � H) for cell culture
studies.
2.2.2. Thermally embedding ASPs in PCL scaffold
The following process was performed to thermally embed the

ASPs in the fabricated PCL scaffold. First, 25 mg (ASP25), 50 mg
(ASP50), and 100 mg (ASP100) quantities of the ASPs were placed
in tubes and heated using a heating block (HB-R; WiseTherm, USA)
at 80 �C. A temperature of 80 �C, which was a temperature close to
the melting point of PCL, was used to fix the particles by slightly
melting the PCL. The scaffold was not damaged at this temperature,
and the number of ASPs could be controlled by maintaining their
weight [S1]. The tube was placed in the heating block for at least
5 min to allow sufficient heat conduction to the particles. Next,
the printed PCL scaffold was placed into the tube containing the
heated ASPs and shaken up and down 50 times to evenly distribute
and embed the particles in the scaffold. The number of the embed-
ded ASPs in the scaffolds varied when the tube was shaken<20
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Fig. 1. Schematic illustration of the fabrication of the ASP scaffold. The PCL scaffold was printed using 3D bioprinting. ASPs were then placed into a tube in the heating block
and heated at 80 �C until the heat conduction was complete. Thereafter, the PCL scaffold was placed into the same tube and shaken to thermally embed the ASPs in the
scaffold.
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times. Thus, the tubes were sufficiently shaken 50 times to ensure
uniform dispersion throughout the scaffold [S1].

2.3. Characterization of ASP scaffolds

2.3.1. Scanning electron microscopy (SEM) and surface roughness
analysis

SEM (Sirion; FEI, USA) was conducted to investigate the surface
morphology of the scaffold. A sputter-coating device (SCD 005;
BAL-TEC, Liechtenstein) was used for 3 min at 30 mA to coat the
ASP scaffold with gold.

The surface roughness of the scaffold was measured using a sur-
face measuring system (SV-3200; Mitutoyo, Japan). The sampling
length was set to 2.8 mm, and the measurement proceeded as fol-
lows. The scaffold was placed on the positioning table with the
upper part set in the upward direction. The crank shaft was placed
in a downward orientation to measure the roughness of the top
surface of the scaffold. The roughness was calculated as the arith-
metic mean roughness (Ra), which represented the average abso-
lute distance in the direction of the normal vector to the section
curve of the surface based on the centerline average within the
sampling length.

2.3.2. Water contact angle of ASP scaffold
A contact angle meter (Contact Angle Meter DM 210; Kyowa,

Japan) was used to measure the hydrophilicity of the scaffold with
embedded ASPs. Distilled water (DW) (5 mL) was placed on the
scaffold surface, and the contact angle was measured after 1 min
by capturing the side of the scaffold.

2.4. Chemical construction of ASP scaffold

2.4.1. Fourier-transform infrared spectroscopy and energy-dispersive
X-ray spectroscopy

The chemical composition of the ASP scaffold was analyzed
through Fourier-transform infrared (FTIR) spectroscopy (NICOLET
6700; Thermo Fisher Scientific, USA) with a resolution of 2 cm�1.
Energy-dispersive X-ray spectroscopy (EDX, OCTANE PRO; AME-
TEK, Japan) was performed for the elemental analysis of each scaf-
fold sample. The EDX system was connected to the SEM system for
electron beam excitation.

2.5. Mechanical properties

The compressive strengthwasmeasuredwith a universal testing
machine (RB301 UNITECH-M; RnB, Korea) using a 500 kN load cell
at a crosshead speed of 5 mm/min. A 5 � 5 � 3 mm scaffold was
placed between the square jigs, and force was applied (Fig. 5 (a)).
3

The compression test resultswere used to plot a stress–strain curve,
and the Young’s modulus and toughness values were measured.

2.6. Cell culture

MG63 cells were used for the cell assays of the scaffolds. The
cells were cultured in Dulbecco’s Modified Eagle’s Medium
(HyClone, USA) supplemented with 10% Fetal Bovine Serum (FBS)
and 1% penicillin. All the scaffolds were sterilized by soaking in
70% ethanol for 1 min and washed with phosphate buffered saline
(PBS) to remove the ethanol. A total of 5 � 105 cells per scaffold
were seeded onto the sterilized scaffold on a clean bench. The scaf-
folds were cultured at 37 �C and 5% CO2. The medium was changed
every 2–3 d. Osteogenic differentiation induction medium, alpha
MEM supplemented with 10% FBS, 1% penicillin, 50 mg mL�1 ascor-
bic acid, 10 mM of of b-glycerophosphate, and 10 nM dexametha-
sone, were used for differentiation assay.

2.7. Cell viability assay

The LIVE/DEAD viability assay kit (LIVE/DEADTM Viability/Cyto-
toxicity Kit; Invitrogen, USA) was used to investigate the cell via-
bility in the ASP scaffold. The cultured scaffolds were washed
with PBS to remove the medium. The cells were stained with a dye-
ing solution containing calcein AM and ethidium homodimer-10 at
37 �C for 30 min. The live and dead cells of the ASP scaffold were
observed using a fluorescence microscope (Eclipse Ti; Nikon,
Japan).

Cell morphology on the ASP groups were investigated by SEM.
The scaffolds were cultured for 7 days and the medium changed
every 2 days. After incubation, the groups with and without ASP
were washed with PBS. The cells attached on the surface of the
scaffolds were fixed with 2.5% glutaraldehyde solution for 2 h at
room temperature. The cells were dehydrated through ethanol
graded series (30, 50, 70, 90 and 100 %) for about 15 min each
and the scaffolds left to dry in a clean bench at room temperature.
The scaffolds were coated with gold by a sputter-coating device
and investigated by SEM.

2.8. Cell proliferation, alkaline phosphatase (ALP) activity and
mineralization assays

Cell proliferation was investigated using the WST-1 cell prolif-
eration assay (Premix WST-1 Cell Proliferation Assay System;
Takara, Japan). The medium and WST-1 solutions were mixed in
a 10:1 ratio to prepare a dyeing solution. The scaffolds were
washed with PBS and moved to a new 48-well plate. Next,
500 mL of the dyeing solution per well was added and incubated
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for 30 min. The extracted dyeing solution was added to a new 96-
well plate, and the absorbance was measured at 450 nm using a
microplate reader (SpectraMax iD3; Molecular Devices, USA).
WST-1 investigations were performed after 4 and 7 d.

ALP activity was used to analyze the osteogenic differentiation
[21]. The ASP scaffolds were washed with PBS. Thereafter, the cells
of the scaffolds were lysed with the extraction solution (Pierce
RIPA buffer; Thermo Fisher Scientific, USA) and maintained
at � 80 �C until further use. Samples were exposed to freeze–thaw
cycles and centrifuged, after which the supernatant was added to
the p-NPP solution (TRACP & ALP Assay Kit; Takara, Japan). The
enzyme was allowed to react at 37 �C for 30 min. After incubation,
50 mL of the stop solution (0.9 NaOH) was added to the samples,
and the absorbance was measured at 405 nm using a microplate
reader. The ALP activity was normalized by a PicoGreen dsDNA
assay (Quant-iTTM PicoGreenTM dsDNA Assay Kit; Invitrogen, USA),
and the results were directly related to the cell number [22,23].

Alizarin red staining (ARS) was used to investigate the ASP scaf-
folds assist mineralization of osteoblast cells. Cells were cultured in
differentiation induction medium for 7 days. The samples were
washed with DW three times. The differentiated cells were fixed
with 4% paraformaldehyde at 25 �C. After 20 min, cells were
washed with DW twice. The ASP scaffolds with cells were stained
in ARS solution for 45 min in dark. After staining, the samples were
investigated that cells were stained with ARS, which can stain cal-
cium to verify mineralization.

2.9. Statistical analysis

All of the quantitative data are presented as the
mean ± standard deviation. The results were analyzed using a
one-way analysis of variance followed by Tukey’s post hoc test.
The statistical significance was set at p < 0.05, as indicated by
one asterisk in the figures. Statistical analysis was conducted using
Origin (Origin 8.6 ver., OriginLab Corporation, USA).

3. Results

3.1. Characterization of ASP scaffolds

3.1.1. Morphology and roughness
An SEM image revealed whether the abalone particles were

evenly embedded. Fig. 2(a) and (b) were taken at magnifications
Fig. 2. SEM images showing top views of surface mo
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of 200 � and 1000�, respectively. The amount of ASPs in a strand
is shown in Fig. 2(a). As the weight of the ASPs increased, the num-
ber of ASPs fixed on the strand increased, and they were found to
be evenly distributed. Fig. 2(b) depicts the morphology of the ASPs
and how they were embedded in PCL. The ASPs used in the exper-
iment contained the prismatic layer and nacre layer of the shell. In
particular, the nacre layer contained a brick-and-mortar
microstructure, as shown in Fig. 2(b). The shape of a plate with a
broken layered structure was revealed [18]. A large number of par-
ticles were embedded on the surface as the weight of the ASPs
increased. Additionally, it was found that the ASPs were evenly dis-
tributed on the inner layer of the scaffold, as seen in Fig. 2(c), and
the number of ASPs could be controlled.

A change in the roughness of the scaffold influenced the biolog-
ical response. The cell orientation, cell migration, and cytoskeletal
function were directly affected by the surface roughness [24,25]. In
particular, the cytokine and growth factor production of MG63, an
osteoblast-like cell, were affected, suggesting that the proliferation,
differentiation, and matrix production of cells were modulated by
the surface roughness [26]. The arithmetic mean roughness (Ra)
was used to measure the surface roughness. The PCL, ASP25,
ASP50, and ASP100 scaffolds are shown in Fig. 3. The Ra value of
the ASP100 scaffold was the highest at 7.07 mm. The Ra values of
ASP50, ASP25, and PCL were 5.40, 4.82, and 3.52 mm, respectively.
The results show that increasing the weight of the ASPs increased
the number of particles embedded in the scaffold. Accordingly, it
was confirmed that the roughness increased. It has been reported
that a surface roughness of 4–5 mm can induce adhesion in MG63
cells [26]. Increasing the roughness can enhance hydrophilicity,
which can impede the penetration of cell suspensions and enhance
the absorption of cell proteins [27,28].
3.1.2. Hydrophilic characterization
A hydrophilic surface can enhance protein absorption, which

assists in cell attachment and cell growth and increases biocom-
patibility [25,27]. In this study, the ASPs increased wettability
while creating heterogeneous surfaces [24,28]. Fig. 3(b) depicts
the water contact with different scaffolds 1 min after the droplet
was dropped. The contact angles for the PCL and ASP groups were
measured and found to be 77.93� and 0�, respectively. These results
showed that the scaffolds with ASPs embedded on their surfaces
became hydrophilic. As the roughness increased, the hydrophilicity
rphology and cross-sections of the ASP scaffolds.



Fig. 3. Scaffold surface roughness and hydrophilicity: (a) arithmetic mean roughness (Ra) values of scaffolds [n = 3, NS: no significant difference, *p < 0.05 and **p < 0.01], and
(b) wettability measurements of scaffolds.
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increased, and it was assumed that the cell adhesion strengthened
[24,25,27,28].

3.2. Chemical characterization of ASP scaffolds

3.2.1. FTIR and EDX analyses
The FTIR spectra of the thermally embedded ASP scaffolds are

shown in Fig. 4. The characteristic peaks of PCL were observed at
2943 cm�1 (-C-H asymmetric stretching), 1722 cm�1 (-C = O
stretching), and 1164 cm�1 (C-O-C) [29,30]. The FTIR spectrum of
the ASP groups also showed the characteristic PCL peaks. The peaks
for calcite at 1444, 1083, and 862 cm�1 commonly appeared in the
ASP groups. The prismatic layer of the abalone shell contains the
calcite form of calcium carbonate (CaCO3

2-). The peak at 713 cm�1

was attributed to the aragonite form of calcium carbonate, which
is present in the nacre layer [9,11,31]. Aragonite is transformed
to calcite at temperatures greater than 300–400 �C through a pro-
cess called mineral change [11].

In addition, the C-H peak at 2989 cm�1 only appeared in the
spectra of the ASP groups; this peak is commonly associated with
organic matter. Therefore, it can be assumed that the ASPs con-
tained minimal organic matter [11,31]. It has been reported that
the organic matrix in nacre is destroyed at � 500–600 �C, which
is the temperature at which the mineral is transformed to calcium
oxide, because of the strong interaction of the organic matrix with
Fig. 4. FTIR results for PCL scaffold, ASPs, and ASP scaffolds.
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the mineral phase in the shell [11]. Therefore, the organic matrix
remained after the processing method for the ASPs. This organic
matrix contained bioactive molecules such as growth factors that
could stimulate cell adhesion and proliferation [12,13,17].

In Table 1, the EDX results of PCL without ASPs and the three
groups of ASPs are listed. The C and O signals were observed in
both PCL and the ASP groups. Because CaCO3 was a major compo-
nent of the ASPs, the CaCO3 peak for ASP100 exhibited the highest
Ca intensity because it had the largest number of ASPs. In addition,
the Pt signal appeared as a peak because a Pt coating was applied
for EDX.

3.3. Mechanical properties

Fig. 5 shows the mechanical properties of the ASP scaffolds. The
stress–strain curves are plotted in Fig. 5(b). These curves indicate
that the mechanical properties of the scaffolds differed depending
on the presence and number of ASPs. The curves were divided into
an elastic deformation section that was relatively linear and a plas-
tic deformation section. In the elastic deformation section, the
Young’s moduli of the PCL, ASP25, ASP50, and ASP100 scaffolds
were 40.99, 37.36, 33.99, and 31.48 MPa, respectively (Fig. 5(c)).
The PCL scaffold without particles had the highest stiffness, but
the stiffness tended to decrease as the number of ASPs increased.
The structure of the object influences the stiffness [32,33]. As the
number of ASPs increased, the stiffness and strength at the yield
point decreased. This loss of strength occurred because a shape
Table 1
EDX results for the PCL and ASP scaffolds.

Sample Element Weight (%) Atomic (%)

PCL C K 43.63 54.67
O K 46.62 43.85
Pt M 7.30 0.56
Ca K 2.45 0.92

ASP25 C K 13.68 21.12
O K 58.31 67.58
Pt M 4.51 0.43
Ca K 23.51 10.88

ASP50 C K 4.53 7.77
O K 58.06 74.77
Pt M 4.33 0.46
Ca K 33.07 17.00

ASP100 C K 6.78 11.85
O K 51.96 68.12
Pt M 3.75 0.40
Ca K 37.51 19.63



Fig. 5. Mechanical properties of PCL, ASP25, ASP50, and ASP100: (a) photograph of compression test, (b) stress–strain curves, (c) Young’s modulus values [n = 3, NS: no
significant difference, **p < 0.01 and ***p < 0.001], and (d) toughness values of scaffolds.
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change occurred, with many holes formed in the polymer struc-
ture. When stress greater than the yield point was applied, differ-
ent characteristics were observed as the stress entered the plastic
deformation section. The strains for the ASP25 and ASP50 groups
were smaller than that of the PCL scaffold. As the scaffolds were
compressed, a continuous change occurred in the plastic deforma-
tion section. As the particles became closer to each other, the
arrangement became denser. As the number of contact points
between the ASPs increased, the compressive pressure dispersed.
This enabled a higher resistance to compression [34].

However, in the ASP100 group, the resistance to compression
was lower than that in the PCL scaffold. The presence of too many
particles in the ASP100 scaffold caused them to crush each other,
which affected force distribution [35].

Fig. 5(d) shows the toughness values of the scaffolds when the
strain was 0.3%. Toughness is defined as the amount of energy that
a material can absorb until just before cracking occurs without
fracture. The toughness values of the PCL, ASP25, ASP50, and
ASP100 scaffolds were 1.318, 1.328, 1.248, and 1.185 mJ/mm3,
respectively. ASP25 exhibited the highest toughness, whereas
ASP100 had the lowest. Thus, an appropriate number of ASPs could
slightly increase toughness.
3.4. Cell viability

Live and dead assays were performed to investigate the attach-
ment and viability of the MG63 cells seeded on the scaffold. Fig. 6
(a) shows cells stained for the live and dead assay 1 and 7 d after
the seeding of cells. On days 1 and 7, the ASP groups had higher cell
viability than the PCL. On day 7, the ASP25 group had the highest
cell viability. Fig. 6 (b) shows cells were observed to be more
attached to the ASP scaffolds compared with the cells of the PCL
scaffold. Especially, the ASP25 and ASP 50 groups are covered with
cells.
6

This was most likely influenced by changes in the rough surface
and pH. The roughness directly affected the cytoskeleton of the cell
and cell attachment [24,25]. In particular, a surface with Ra values
in the range of 4–5 mm favored MG63 cells [36]. In addition, rough-
ness is one of the factors that can modify the wettability, which
helps to transfer oxygen and nutrients and absorb proteins related
to biocompatibility [24,25,27,28]. The ASP25 and ASP50 groups on
day 1 had roughness values in the range of 4–5 mm, and more cell
attachment was observed in the ASP groups. In addition, when
each group of scaffolds was placed in PBS and observed for 3 d, it
was confirmed that the pH value was higher in a group with more
ASPs [S2]. The change in pH was due to the dissolution of CaCO3,
and a rapid change in pH inhibited cell proliferation [18]. A sudden
change in pH occurred in the groups with high ASP ratios (ASP100
and ASP50), and a relatively large number of dead cells were iden-
tified. This could be explained by the fact that the ASP25 group had
the highest viability because of the optimal pH value.
3.5. Cell proliferation, differentiation and mineralization

The process of bone formation by osteoblasts involves mineral-
ization through proliferation and differentiation [19,37]. Fig. 7(a)
shows theWST-1 results, which were used to evaluate the cell pro-
liferation on days 4 and 7. In the WST-1 assay, the absorbance
value increased with time, and the values for the ASP groups were
higher than that of the PCL.

Fig. 7(b) shows the ALP assay results that were used to analyze
the degree of differentiation by activating the early marker of bone
differentiation after 4 and 7 d of incubation. The ALP activity
tended to increase with time, and the highest value was observed
in the ASP100 group, which had the largest amount of ASPs.

Bone mineralization is the process that minerals are deposited
on the bone matrix for bone remodeling. It is known that osteo-
blasts aids to the deposition of calcium and phosphorus on the



Fig. 6. Cell viability and morphology (a) Live and dead staining for investigating viability of MG63 cells. Cells were cultured on the scaffold for 1 and 7 d. (b) SEM image for
investigating the cell morphology.

Fig. 7. Proliferation and differentiation of MG63 cells cultured on scaffolds for 4 and 7 d: (a) WST-1 assay results for MG63 cells on scaffold [n = 3, NS: no significant
difference, *p < 0.05 and **p < 0.01] and (b) ALP activities of MG63 cells on scaffolds. (c) ARS staining of MG63 cells on scaffolds.
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collagen-based fibrous matrix to form a hard inorganic substance
called hydroxyapatite during the mineralization process. There-
fore, bone mineralization can be investigated through calcium
deposition after osteoblast differentiation. The scaffolds were mea-
sured using the ARS staining which is commonly used to detect
calcium deposition. In the Fig. 7(c), it can be observed that the cal-
cium deposition was highest in the ASP100 and ASP25. This ten-
dency was similar to ALP, an early marker of osteodifferentiation.

This could be explained by the following factors. The first was
the pH change due to calcium carbonate, which is the main inor-
ganic component of abalone shells. Alkaline environments increase
7

the activity of osteoblasts, promote bone formation and the miner-
alization of osteoblasts, and enhance differentiation through
increased ALP activity and collagen synthesis [38,39]. In addition,
calcium ions were released through the dissolution of calcium car-
bonate. Higher calcium ion concentrations promote the formation
of cadherin to enhance osteodifferentiation, leading to favorable
biocompatibility [40,41]. Another reason was the influence of
WSM, which is the organic macromolecule matrix of the abalone
shell. Many studies have shown that WSM affects the adhesion
and proliferation of osteoblasts. Mineral-based organic structures
consisting of bioactive molecules such as growth factors can sup-
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port bone grafting and bone regeneration [17,18]. For these rea-
sons, the highest ALP activity was observed in the ASP100 group,
which had the largest number of abalone particles. This suggested
that the ASPs could positively affect cell proliferation, differentia-
tion and mineralization. However, there was not much difference
in the differentiation values of the ASP100 and ASP25 groups. This
was because the viability and proliferation tended to be superior in
the ASP25 compared to the ASP100. Thus, it can be expected that
the differentiation after proliferation would not show much
difference.
4. Conclusions

Abalone shells have macromolecules that can promote osteoge-
nesis and have been shown to be suitable for use in scaffolds as
bioactive factors. In this study, ASP scaffolds were fabricated
through a very simple process of heating the ASPs at an optimized
temperature, and the resulting scaffolds were found to be advanta-
geous. Through this process, a heterogeneous surface was created
in all the groups. This increased the wettability, which affected
the penetration of cell suspensions and enhanced the absorption
of cell proteins. In particular, the ASP25 and ASP50 groups had a
surface roughness of 4–5 mm, which could enhance the adhesion
of MG63 cells. In addition, when the ASPs were embedded, the
mechanical properties were changed by a change in the shape of
PCL. However, compared to PCL, the toughness, which was the
energy dissipated when pressure was applied, tended to increase
slightly for ASP25. The best cell viability was observed in the
ASP25 group, and this was due to the effect of changes in the pH
and surface roughness. The ASP25 group had high cell proliferation
on day 7. The ASP100 group, which contained the most ASPs,
showed the best initial differentiation, as indicated by the ALP
results. This tendency could be explained by the multiple influ-
ences of the pH, organic matter, and release of calcium ions. Based
on the results for the mechanical properties, cell adhesion, prolifer-
ation, differentiation and mineralization, the ASP25 scaffold was
found to be the most suitable for use in bone scaffolds. This study
demonstrated the possibility of applying natural bio-organisms
produced through a process similar to human bone formation to
bone tissue engineering.
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