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Abstract

Natural hydroxyapatite (HA), derived from waste bones of several animal species, has received much attention as a material for bone
grafts and fillers and has a role as a coating for metal implants because of its biocompatibility and non-toxicity. To investigate the
applicability of HA derived from waste bones of novel animal sources, the biocompatibility and toxicity of a poly-L-lactic acid
(PLA)-based composite containing HA derived from the backbone of the dolphin Neophocaena asiaeorientalis (HAns) were
examined in Sprague-Dawley (SD) rats. HAna powder showed X-ray diffraction peak patterns that corresponded to those of standard
HA. Among five composites prepared from different combinations of PLA and HAna (7:3, 6:4, 5:5, 4:6, and 3:7), a PLA/HANA
composite manufactured with a 6:4 PLA:HA4 ratio had high surface roughness (453 nm), 10.3 N of maximum load, and 451.9 MPa
of module elasticity. After implantation in the subcutaneous region of SD rats for 8 weeks, the amount of confluent, aggregated
structures of multilayered cells on the PLA/HAN 4 implant surface was greater than that on the PLA surface, although both implants
were completely covered with adhesive cells. During the implant period, the initial intact form of the PLA/HAnA composite broke
into small fragments with few inflammatory cells in the contact region and no indication of significant toxicity. Taken together, the
results suggest that HAx 4 may have good biocompatibility and be non-toxic as it did not induce an immune response in SD rats.
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Introduction

Several body parts of whale including meat, oil, waxy sub-
stance, blubber, and baleen have been used for a variety of
beneficial purposes for several centuries. Typically, whale
meat and oil are used for human consumption, although they
are uncommon foods in most of the world except Japan [1].
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Spermaceti, a waxy substance from the head, and oil from
sperm whales have been also used to make candles, soap,
polishes, cosmetics, lamp fuel, and machinery lubricants [2].
Furthermore, whale blubber has been used as a source of com-
ponents for soaps, oils, nutrient, and minerals, while baleen, a
type of hair-like filter, had been used to make corsets, carriage
springs, fishing poles, whips, and umbrella ribs until the start
of the twentieth century [3]. However, whale bones have been
of limited use, even though they account for 35-43% of the
total body weight of whales [4]. After analyzing its composi-
tion, some studies have reported the possibility of using whale
skeleton as a biofuel. Skeletal composition profiles, including
lipid, protein, ash, and water in different skeleton elements,
have been investigated in several species [5]. Whale bone is
comprised of 42—48% of Ca0, 26-28% of P,Os, 2.9-4.3% of
S0O3, 1.2-3.7% of Si0,, and 1.0-1.2% of Na,O [6]. However,
there are composition differences between dolphin and whale
vertebrae. In particular, the lipid content of dolphin vertebrae is
reported to be markedly lower than that of several species of
whale, although other component content levels are similar in
whale and dolphin species [5].
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Hydroxyapatite (HA) is a calcium phosphate-based in-
organic material with structural and chemical similarity to
the mineral phase of bone and teeth [7]. Currently, these are
being widely used for bone grafts (dental, craniofacial, and
orthopedic surgery), bone fillers, and as a coating for metal
implants because they show good biocompatibility,
bioaffinity, high osteoconductivity, non-toxicity, and have
a non-inflammatory nature [8, 9]. Natural HA has been
extracted from various waste bone sources including fish
[4], bovine [10], tuna [11], and porcine [12] because the
process for obtaining synthetic HA is either complex or
unsafe [13]. Previous studies have focused on investigating
the biocompatibility and bone formation characteristics of
HA collected from waste bones of various animal sources
[14]. However, little has been reported on the biocompati-
bility of HA composites or natural HA derived from the
bone wastes of dolphin, even though HA density is greater
in dolphin and whale bones than in fish and most mamma-
lian bones [15].

In this study, we prepared a poly-L-lactic acid (PLA)-
based composite containing HA derived from waste back-
bones of the dolphin Neophocaena asiaeorientalis (HANA).
The PLA/HANA composite was investigated to determine its
physicochemical properties, biodegradability, toxicity, and
histocompatibility by performing subcutaneous implantation
of PLA/HAn, in Sprague-Dawley (SD) rats. The results
revealed that HA purified from the backbone of dolphins
has potential as a bio-based material for use in biomedical
applications.

Materials and methods
Materials

The backbones of N. asiaeorientalis were kindly provided by
the Whale Research Center of the National Institute of
Fisheries Science, Korea. Bone samples were identified by
Dr. Yong Rak Ann at the Whale Research Center in
National Institute of Fisheries Science. Briefly, backbone sam-
ples were boiled at 100 °C for 2 h, then washed with a distilled
water and acetone solution three times to remove proteins,
lipids, and other debris. After drying at 160 °C for 48 h, the
bones were ground in a pin mill machine (Dachwa, Yongin,
Korea). To obtain HAy 4, the ground bones were washed with
a 25 wt% NaOH solution (1:40 ratio) and neutralized with
distilled water until pH 7 was achieved.

PLA was prepared by using ring-opening polymerization
of L-lactide dimer as described previously [16]. Briefly, L-
lactide dimer (3.46 x 102 mol), stannous octoate (1.40 x
10~* mol), and acetic acid were completely mixed in toluene
solvent, and the polymerization reaction was carried out under
dry N, atmosphere at 110 °C for 48 h. After the reaction, PLA
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was harvested with deposition by using diethyl ether and sub-
sequent filtration with Whatman filter paper (8 pum particle
retention). The resultant product had a molecular weight
(MW) of approximately 20,000.

Six different PLA/HAnA mixtures were prepared by dis-
solving different ratios of PLA and HAy4 (7:3, 6:4, 5:5, 4:6,
and 3:7) in a 10 wt% chloroform solution. The mixtures were
then cast onto the glass plate of an automatic film coating
apparatus (DAO-CO 02; Dao Technology, Hwaseong,
Korea) to yield PLA/HAna composites with a thickness of
approximately 0.1 mm. Following the removal of air bubbles
in a vacuum oven, the glass plates bound with the PLA/HANA
composite were immediately immersed in methanol and
washed with distilled water until the solvent was completely
removed. The PLA and the PLA/HAnA composites used in
the animal study were prepared as membranes with a 70%
moisture content by dipping in a 1x phosphate-buffered saline
(PBS) solution immediately before implantation under the
skin of SD rats.

Mechanical characterization

The chemical composition of the HAx 4 powder was analyzed
by performing X-ray diffraction (XRD) with a Rigaku X-Ray
Powder Diffractometer (Rigaku MSC, Woodlands, TX,
USA). The peaks in the obtained XRD spectrum were com-
pared with those on the JCPDS (1996) standard HA card [17].

Mechanical properties of the PLA/HAna composite, in-
cluding tensile strength and maximum load, were measured
as previously described [18, 19]. The strength and load levels
were analyzed at 40 kVand 30 mA at room temperature under
a velocity of 20 mm/min in a United SSTM-1 testing machine
(United Calibration, Huntington Beach, CA, USA) with a
445 N load cell.

Contact angle analysis

Static contact angle measurements were obtained by using the
sessile drop method and an OCA 15)p contact angle meter with
a high-performance image-processing system (DataPhysics
Instruments, Filderstadt, Germany). Firstly, a liquid (1 mL of
glycerol or CH,I,, HPLC grade) was added to each sample by
a motor-driven syringe at room temperature. The angles of the
droplet on the surface were calculated by using ImageJ soft-
ware (National Institutes of Health, Bethesda, MD, USA). The
data presented are an average of five readings. Five samples of
each material were measured, and three measurements were
obtained from each sample.

Atomic force microscopy analysis

Prepared PLA and the PLA/HAy 4 composite were frozen at
—70 °C for 24 h and then dehydrated for 3 days by using a
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Fig. 1 X-ray diffraction spectrum
of HA derived from the backbone
of N. asiaeorientalis
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lyophilizer (FDU-540, Tokyo Rikakikai, Tokyo, Japan). Dried
samples were subsequently cut to 1 cm X 1 cm, after which a
scan image was collected via atomic force microscopy (AFM)
using an XE-100 microscope (Park Systems, USA) and stan-
dard AFM cantilevers with a specific scan speed (0.4 Hz), set
point (16.16 nm), amplitude (22.34 nm), and a selected fre-
quency (318.59E3 Hz) under atmospheric conditions at 25 °C.
AFM images were analyzed by using Surface Xplore 1.3.11
(Micro Test Machines, Belarus). Surface morphology and sur-
face profile were measured within a 30 um % 30 pm area in
triplicate. In addition, surface roughness values of PLA and
the PLA/HAnA composite were estimated from the AFM sur-
face profile data by applying the root mean square
formulation.

Fig. 2 Determination of an
optimal combination of PLA and
HANA for a PLA/HANA
composite. a Maximum load, (1)
ultimate tensile strength, ¢
modulus of elasticity, and d
thickness of PLA/HANA
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Microstructural characterization

To analyze the microstructural features of PLA and the PLA/
HANA composite, samples were frozen at — 70 °C for 24 h, after
which they were dehydrated in a lyophilizer for 3 days. The
dried PLA and PLA/HA 4 were then coated with platinum (Pt)
by using a sputter coater (Jeol JXA-840A; Jeol, London, UK)
for 120 s under an argon atmosphere, after which they were
observed via scanning electron microscopy (SEM) at 2000 x
magnification (Stereoscan 250 MK III, London, UK) at 15 kV.

To observe alteration of the surface of PLA and PLA/
HAna composite after implantation in SD rats for 8 weeks,
each sample was removed from the incision pocket of the SD
rat and dried. The dried PLA and PLA/HA\ 5 were then coated
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Fig. 3 Contact angle and AFM phase image of PLA/HAn, composite. a
Contact angles of PLA and PLA/HAn were measured in dH,O and
diiodomethane as described in “Materials and methods” section. Three
to five samples were assayed in duplicate to determine contact angles. b
3D images of dried PLA and the PLA/HAnA composite were analyzed by
AFM using a 25 mm? scan size (3 mm x 3 mm). Surface roughness
values for PLA and PLA/HAna were calculated from AFM data. Data
presented as means + SD of three replicates. *p < 0.05 compared to PLA

with Pt by using a sputter coater (Jeol JXA-840A) for 120 s
under an argon atmosphere, after which they were observed
by SEM at 2500 x or 5000 x magnifications (Stereoscan 250
MK III, London, UK) at 15 kV.
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Animal study

The animal protocol used in our experiment was reviewed and
approved by the Pusan National University-Institutional
Animal Care and Use Committee (PNU-IACUC; approval
PNU-2015-0972). Male SD rats (220-240 g body weight)
were purchased from Samtako BioKorea Inc. (Osan, Korea)
and handled at the Pusan National University Laboratory
Animal Resources Center accredited by the Korea Food and
Drug Administration (Accredited Unit 00231) and AAALAC
International (Accredited Unit 001525). All animals were pro-
vided with ad libitum access to a standard irradiated chow diet
(Samtako BioKorea Inc.) and water. During the experimental
period, rats were maintained in a specific pathogen-free (SPF)
state under a strict light cycle (lights on at 08:00 h and off at
20:00 h) at 23 £2 °C and 50 + 10% relative humidity.

Eight-week-old SD rats were randomly divided into one of
three groups (n = 13—15). The first group was subcutaneously
implanted with PLA (PLA-implanted group), the second
group was subcutaneously implanted with PLA/HA\A
(PLA/HAna-implanted group), and the third group was oper-
ated on in the same manner, but no composite was implanted
(Sham-implanted group). The composites for implantation
were prepared with a 0.1 mm thickness and were implanted
after sterilization using 70% ethanol and 1x PBS. Prior to
implantation, animals were anesthetized by intraperitoneal in-
jection with Alflaxan (0.025 mL/100 g body weight). The skin
was subsequently cleaned with 70% ethanol, after which a 2-
cm-long incision was made on the midportion of the back.
Next, composites were inserted into a subcutaneous pocket
adjacent to the incision. Each rat received two implants, after
which the incision was closed by using an Autoclip (Mikron,
Precision, Canada). After 8 weeks, animals from each group
were euthanatized by using CO, gas. Each implant was col-
lected from the incision pocket and underwent biodegradation
and biocompatibility analysis. Additionally, whole blood,
skin, liver, and kidney samples were immediately collected
from euthanatized SD rats implanted with PLA and PLA/
HAna composite and stored at — 70 °C for analysis of sero-
logical components and histopathological factors.

Histological analysis

Skin with incision pocket as well as liver and kidney tissues
were dissected from euthanatized SD rats and fixed in 4%
neutral-buffered formaldehyde (pH 6.8) overnight, after
which each tissue was dehydrated and embedded in paraffin
wax. Next, a series of tissue sections (4 um thick) was cut
from the paraffin-embedded tissue by using a Leica micro-
tome (Leica Microsystems, Bannockburn, IL, USA). The sec-
tions were then deparaffinized with xylene, rehydrated with
ethanol at gradual decreasing concentrations of 100-70%, and
finally washed with distilled water. Slides bearing tissue
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Fig. 4 SEM images of PLA and
the PLA/HAN 4 composite before
and after implantation in SD rats.
Ultrastructures of PLA and PLA/
HAN s surfaces were observed via
SEM at 2000 x, 2500 %, or 5000 x
magnifications as described in
“Materials and methods”. Three
to five samples were assayed in
duplicate for SEM analysis.
Arrow indicates a PLA body
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sections were stained with hematoxylin (Sigma-Aldrich Co.,
St. Louis, MO, USA) and eosin (Sigma-Aldrich Co.), then
washed with dH,O, after which histopathological changes
were observed by using the Leica Application Suite (Leica
Microsystems, Wetzlar, Germany).

Serum biochemical analysis

After fasting for 8 h prior to euthanatizing, whole blood from
each rat in all groups was collected from their abdominal veins
and incubated for 30 min at room temperature in a serum
separating tube (BD Container, Franklin Lakes, NJ, USA).
Serum was then obtained by centrifugation at 1500xg and
analyzed for alkaline phosphatase (ALP), alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), blood urea
nitrogen (BUN), and creatinine (Crea) levels by using an au-
tomatic biochemical analyzer (BS-120, Mindray, China). All
assays were conducted in duplicate and used fresh serum.

Statistical analysis

One-way analysis of variance (ANOVA) (SPSS for Windows,
Release 10.10, Standard Version, Chicago, IL, USA) was used

to identify significant differences between the sham and com-
posite implantation groups or PLA- and PLA/HANA-im-
planted followed by Tukey post-hoc test for multiple compar-
ison. All data were expressed as the means + SD. A p value less
than (p > 0.05) was considered statistically significant.

Results

Physicochemical properties of HA and PLA/HAy,
composite

We investigated the chemical composition of the HAn, pow-
der by using XRD. As shown in Fig. 1, all HAya powder
peaks corresponded to those of standard HA. In addition, to
evaluate the optimal ratio of PLA to HAy 4 for the preparation
of a PLA/HAN composite, five different composites were
prepared from PLA and HAn, powder, and their physico-
chemical properties including maximum load, tensile strength,
modulus of elasticity, and thickness were measured. Among
the tested combinations, the 6:4 PLA/HAn, ratio produced
the highest maximum load level (10.4 N) and the greatest
modulus of elasticity (451.9 MPa) (Fig. 2a, b). Tensile
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Fig. 5 Biocompatibility of PLA/
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strength estimates were similar in the 7:3, 6:4, and 5:5 PLA/
HA\ A composites but were significantly lower in the 4:6 and
3:7 PLA/HANA composites (Fig. 2c). All PLA/HAn com-
posite thicknesses were consistent, although they were slightly
thicker than that of PLA (Fig. 2d).

To investigate the cellular adhesiveness of the surface of
the PLA/HAnA composite, contact angle values and surface
roughness were measured for both PLA and PLA/HAnA. Any
significant difference between PLA and PLA/HAN 4 compos-
ite with the measured angles in the range of 69-79° and 25—
48° was not detected in contact angle values with dH,O (6,)
and diiodomethane (6,) (Fig. 3a). However, a significant dif-
ference was detected in the AFM analysis of the surface
roughness of the PLA and the PLA/HAn composite. The
PLA/HANA appeared to be rougher, more irregular, and

@ Springer

coarser than that of PLA; the PLA/HAx, composite had a
surface roughness of approximately 453 nm (Fig. 3b).

Taken together, these results suggest that pure natural
HAnA successfully extracted from the backbone of N.
asiaeorientalis can be mixed with PLA at a 6:4 PLA:HAxA
ratio to form a PLA/HAna composite with good physical
properties and effective cellular adhesiveness. Therefore, we
used the 6:4 PLA:HAy\4 composite to investigate its biocom-
patibility and toxicity in SD rats.

Biocompatibility of PLA/HAy, composite
under the skin of SD rats

To investigate the biocompatibility of the PLA/HA\ com-
posite after subcutaneous implantation into an animal, the
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Fig. 6 Infiltration of mast cells
into connective tissue
surrounding the PLA/HANA ¥
implants. To determine the
number of mast cells, slides with -
sections of skin tissue were
stained with 0.25% toluidine blue
and observed at 400 x J -
magnification. The arrowhead
indicates mast cells that have <«
infiltrated the connective tissue
within the dermis of the back skin
of an SD rat. The total number of
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by using the Leica Application
Suite. Data presented as means +
SD from three replicates. *p <
0.05 compared to the Sham-
implanted group. Arrowhead in-
dicates mast cells

surface morphologies of PLA/HAna composite before and
after implantation in SD rats were compared; as well, the
histological structure of the SD rat skin adjacent to the im-
plants was observed after implantation with PLA and the
PLA/HAnA composite for 8 weeks. The SEM image analysis
of PLA/HAN A composite before implantation showed jagged
peaks and surface corrugations, while the PLA had a smooth
surface (Fig. 4). After implantation, the surfaces of both PLA
and the PLA/HAN 4 composites were completely covered with
adhesive cells indicating continuous cellular proliferation and
spreading. The cells formed a confluent structure of multilay-
ered cells with only a few aggregation structures observed.
Both the degree of confluency and the amount of multilayered
cell aggregations on the implant surface were greater on the
PLA/HAna composite than on PLA (Fig. 4).

To investigate the inflammation around implantation
site and degradation of PLA and the PLA/HAnA compos-
ite, alterations in the histological structure of the skin ad-
jacent to the implant pocket in the SD rats were examined.
The surfaces of the PLA and PLA/HAy\ implants were
well bonded to the connective tissue in the dermis of the
skin, although the boundaries of both implants were clearly
visible. However, there was a difference in the form of the
two implants; the PLA implant maintained its complete
initial form and was covered with adhesive cells, while
the PLA/HAN A composite was observed as several frag-
ments (Fig. 5, left column). Immune cells in the skin tissue
were abundantly and similarly distributed in the contact
regions around both the PLA and PLA/HAN4 implants
with no significant difference between the two (Fig. 5).
However, there was a slightly higher number of mast cells

in the PLA/HA\a-implanted group than in the PLA-
implanted group; specifically, there were more mast cells
in the connective tissue around the PLA/HAy, skin contact
surface than in the PLA skin contact surface (Fig. 6). These
data suggest that the PLA/HA composite has good biocom-
patibility in the subcutaneous tissue of SD rats and its pres-
ence does not induce severe infiltration of mast or immune
cells.

Hepatotoxicity and nephrotoxicity of PLA/HAy,
composite

To investigate the hepatotoxicity and nephrotoxicity of the
PLA/HAnA composite, body weight, organ weight, histopath-
ological tissue structure, and blood serum biochemical factors
were examined in SD rats implanted with PLA and the PLA/
HAna composite. No significant differences in body weight
or weights of liver and kidney were observed among the
Sham-, PLA-, or PLA/HANs-implanted groups (Table 1). In
addition, the PLA- and PLA/HAna-implanted SD rats

Table 1 Alteration of body and organ weights of SD rats implanted
with PLA/HAn4 for 8 weeks

Category Sham PLA PLA/HANA
Body weight (g)  515.5+89.80  543.18+49.28  566.86+51.57
Kidney (g) 0.66+0.04 0.71+0.05 0.66+0.05
Liver (g) 4.00+0.66 3.92+0.71 3.72+0.66

The data shown represent the means + SD of three replicates
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Fig.7 Serum toxicity of the PLA/ (a)
HANA composite in SD rats.
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exhibited no morphological differences in liver and kidney
from those in the Sham-implanted group.

To evaluate whether PLA/HAy 4 implantation for 8 weeks
induced hepatotoxicity, alteration of the levels of several en-
zymes related to liver metabolism and changes in the histo-
pathological structure of liver tissues were assessed in Sham-,
PLA-, and PLA/HAna-implanted SD rats. No significant dif-
ferences in liver toxicity indicators such as ALP, AST, and
ALP were observed among the three groups (Fig. 7a—c).
Furthermore, we investigated whether the lack of alteration
of toxicity indicators in serum was reflected in the histopath-
ological structure of liver tissue; there were no significant
histopathological changes related to inflammation, necrosis,
apoptosis, or fibrosis observed in the H&E-stained liver tissue
of the PLA/HAns-implanted group (Fig. 8a).

Finally, nephrotoxicity of the implanted PLA/HANA com-
posite was investigated in SD rats by assessing serum bio-
chemical and histological features of the rat kidneys. BUN
and Crea levels were similar in the Sham-, PLA-, and PLA/
HAna-implanted groups with no significant differences de-
tected (Fig. 7d, e). In addition, there were no specific patho-
logical symptoms, including degeneration and necrosis of the
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glomerulus and renal tubes, observed in the kidney tissue of
the PLA/HAnA-implanted group (Fig. 8b).

Taken together, these results suggest that PLA/HANA im-
plantation for 8 weeks does not induce hepatotoxicity or neph-
rotoxicity in SD rats.

Discussion

Recently, several surface treatment methods such as plasma,
formation of a coating, and UV-ozone radiation have been
used to treat biomaterial surfaces because, alone, most syn-
thetic polymer surfaces can only support cell adhesion and
proliferation within a limited range [20, 21]. In particular,
PLA lacks a functional group required for cell interaction.
An alkyl pendant group (CH3) in the PLA backbone enhances
the hydrophobicity of the polymer and induces the denatural-
ization of specific proteins for cell binding. However, addition
of HA to PLA can improve the bioactivity of the composite
through alteration of the surface’s biochemistry from hydro-
phobic to hydrophilic [22]. During this process, the —OH
group of HA mediates the binding of cell adhesion proteins



J Aust Ceram Soc (2019) 55:269-279

277

Fig. 8 Liver and kidney
histological features following
PLA/HANA composite
implantation in SD rats. Liver (a)
and kidney (b) of SD rats were
stained with H&E. Histological
structures were viewed at 400 x
magnification

(b)
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including vitronectin and fibronectin and, subsequently, en-
hances the interaction between the cell membrane and PLA
[23]. In this study, alterations in the physicochemical proper-
ties of a PLA-based composite were detected after addition of
HAxa powder into the PLA. Among those properties, the
maximum load, modulus of elasticity, and surface roughness
were significantly increased in the PLA/HAnA (6:4) compos-
ite compared to those of the other tested composites. Such
properties can contribute to enhancement of the biocompati-
bility of a PLA/HAna composite. However, the addition of
the —OH group in HA should be considered as one of the main
factors enhancing cell adhesion between PLA/HAyn4 and the
skin of SD rats, although more studies are needed to determine
the level of cell interaction in implanted animals.

Until now, natural HA has been extracted from several
bone types of several animal species by using specific pro-
cessing methods. For example, pure natural HA has been ex-
tracted from bovine bones by using three different process;
thermal decomposition, subcritical water, and alkaline hydro-
thermal processes. The chemical structure of the purified nat-
ural HA was very similar to that of the JCPDS standard HA

card, regardless of the extraction method used [13]. As deter-
mined by XRD, the HA purified from pig bones at a high
temperature maintained the chemical structure of standard
HA [14]. Moreover, a porous structure with a sintered wall
and a major crystalline phase were detected in HA derived
from fish bone after heat treatment at 1300 °C [4]. Natural
HA has been extracted from tuna bones and its properties were
reported by Lee et al. [11]. In this study, we extracted natural
HAna from the waste backbones of N. asiaeorientalis by
using an alkaline-based process. The chemical structure of
the HAna purified in this study was very similar to those
reported in previous studies, although the animal sources
and purity levels were different. The present study shows that
dolphin bones can be an effective source of natural HA.
However, there are limitations to the availability and sustain-
ability of bones from dolphins; for example, N. asiaeorientalis
was designated as endangered for a long time. Moreover, the
ratio of bone weight to body weight is smaller in dolphins than
in other mammals.

Different combinations of HA and various polymer mate-
rials have been applied as bone grafting materials during bone
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regeneration and repair to overcome the disadvantages of HA
[24]. Among the various polymer materials, PLA has
been widely used as a binder for HA in order to en-
hance its resistance to shear forces and to support the
survival and proliferation of skeletal stem cells [25].
Composites and scaffolds prepared with combinations
PLA and HA show high degradation rates, good com-
patibility, and improved formation of mature bone in the
absence of significant toxicity [26-29]. In particular, a
composite consisting of 50% PLA and 50% nano-scale
HA significantly enhanced the heterotrophic bone for-
mation and ALP activity of human mesenchymal stem
cells (hMSCs) after intramuscular implantation for
12 weeks [29]. Also, the activity of human osteoblasts
(HOB) was higher on PLA combined with two different
forms of HA than it was on PLA combined with tissue
culture plastic [30]. In this study, the optimal combina-
tion of PLA and HAya was determined to be six parts
PLA to four parts HAna. The 6:4 PLA/HAnA compos-
ite showed the highest maximum load and the greatest
modulus of elasticity when compared with other PLA/
HAna ratios. However, the PLA-HA combination inves-
tigated in this study differs from those used in some
previous studies [29]. We speculate that differences in
the physical characteristics of PLA/HA combinations
could be related to differences in the physicochemical
properties of the HA being used. Regardless, the cell
adhesion and structure confluency of the multilayered
cells on the surface of the PLA/HAyns composite ob-
served in this study are in agreement with the enhanced
activities of hMSCs and HOB cells observed for other
PLA/HA composites [29, 30]. The results of this study
indicate the possibility that HAys could be effectively
combined with other polymers to manufacture an effec-
tive bone treatment composite.

The wettability and roughness of a composite surface
are important factors when producing a biocompatible
composite. Wettability is an important factor due to
the direct relationship between water contact angle and
cell adhesion. A high level of cell attachment can be
obtained from contact angles between 40° and 80° [31].
Also, the surface roughness of a composite polymer can
help to improve cell adhesion, growth, and proliferation
[32, 33]. Similar results for the relationship between
surface roughness and cell adhesion were detected in
the present study. The roughness of the PLA/HAywa
composite was significantly greater than that of PLA
alone, and the aggregation of multilayered cells was
greater on the surface of the PLA/HAny composite than
on the PLA surface. Therefore, the present study pro-
vides additional evidence that surface roughness of a
PLA/HA composite is closely associated with cell
adhesion.

@ Springer

Conclusion

In this study, we investigated the biocompatibility and toxicity
of a PLA/HAna composite prepared by using HA derived
from the waste bones of N. asiaeorientalis to determine if
the derived composite could have potential medical applica-
tion. The results provide the first scientific evidence that a
PLA/HAnA composite is biocompatible and does not induce
toxicity or inflammation when subcutaneously implanted in
SD rats for up to 8 weeks. Therefore, HAn can be considered
a suitable material for use as a bone substitute. Such an appli-
cation could be part of a strategy for the effective utilization of
bone waste obtained from the seafood industry.
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