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Abstract: Bone possesses an inherent capacity for healing fractures, thereby restoring tissue structure and
biomechanical properties. However, conditions such as osteoporosis, tumors, and infections can hinder and prolong
the healing process, resulting in non-union fractures. Biomaterials, notably hydroxyapatite (HA) and collagen (Col),
play a pivotal role in fracture treatment by fostering bone cell differentiation and new bone formation. HA mimics bone
mineral components, while Col represents the organic matrix. Biomimetic scaffolds combining HA/Col, particularly
utilizing natural collagen-liRe that sourced from fish, have garnered attention for their demonstrated osteogenic
and angiogenic potential. Additionally, advancements in 3D printing technology enable the fabrication of scaffolds
with interconnected pores. This study evaluates the physicochemical properties and cytotoxicity of 3D-printed HA
and HA/COL scaffolds. Scanning electron microscopy shows uniformity in HA scaffolds and a fibrous appearance
in HA/COL scaffolds. Fourier-transform infrared spectroscopy distinguishes characteristic peaks of HA and COL.
Energy-dispersive X-ray spectroscopy reveals varying calcium/phosphate ratios. Over 21 days, mass loss rates, pH,
and swelling ratios differ between scaffold types. MTT assay results demonstrate increased cell viability and non-
cytotoxicity in HA and HA/COL scaffolds compared to controls, indicating the promise of HA/COL scaffolds for bone
regeneration.
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Introduction

Bone has an intrinsic ability of healing after the
occurrence of a fracture, being able of restoring the
previous tissue structure and its biomechanical
properties '. However, under certain circumstances
such as the presence of osteoporosis, tumors,
diabetes, infections, insufficient blood supply, or
extensive fracture size, delayed healing or even
nonunion fractures may occur, compromising the
process of regeneration?3.

In this context, biomaterial-based bone grafts
placed at the site of the bone injury have a Rey
role as a therapeutical approach for treating non-
consolidated fractures, being able of stimulating
bone cell differentiation and newly formed bone
deposition, accelerating the process of healing “.
Bone grafts can be constructed using a variety of
materials, such as metals, ceramics, and polymers,
Rnown for their exceptional biocompatibility with
the organism and osteogenic properties, being able
of stimulating bone ingrowth>”it is a very dynamic
tissue subjected to continuous remodeling in order
to preserve its structure and function. However,
in clinical practice, impaired bone healing can be
observed in patients and medical intervention is
needed to regenerate the tissue via the use of
natural bone grafts or synthetic bone grafts. The
main elements required for tissue engineering
include cells, growth factors and a scaffold material
to support them. Three different materials (metals,
ceramics, and polymers.

One of the most prominent biomaterial used
for this proposal is the hydroxyapatite (HA)2. HA
has been widely used as a base material to for
manufacturing scaffolds due to its structural and
chemical similarity to the mineral elements of
the bone itself. HA shows good osteoconductive
properties, being able of stimulating osteoblasts
proliferation, and tissue ingrowth at the site of the
fracture®'3. However, the degradation index which
might not align with the rate of bone regeneration
in some cases, and low mechanical properties
constitute disadvantages for this material, mainly
for its long-term use in bone tissue'.

In this context, combining different materials
can yield improved biological performance for
treating bone fractures™®. Therefore, one of the
most common material options is the inclusion of
collagen (Col) into HA7-"?an abundant extracellular
matrix protein, has been found to have a lot of
pharmaceuticals, medicine, food, and cosmetics
applications. Increased Rnowledge of collagen
sources, extraction techniques, structure, and
properties in the last decades has helped develop
more collagen-based products and tissue
engineering biomaterials. Collagen products have
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been playing an important role in benefiting the
health of the human body, especially for aging
people. In this paper, the effects of collagen
treatment in different clinical studies including
skRin regeneration, bone defects, sarcopenia,
wound healing, dental therapy, gastroesophageal
reflux, osteoarthritis, and rheumatoid arthritis
have been reviewed. The collagen treatments were
significant in these clinical studies. In addition,
the associations between these diseases were
discussed. The comorbidity of these diseases
might be closely related to collagen deficiency, and
collagen treatment might be a good choice when
a patient has more than one of these diseases,
including the coronavirus disease 2019 (COVID-IS.
It is well Rnown that Col can be extracted from
different natural sources, with bovine and porcine
origins being the most common?°?. Although Col
is readily available from these sources, the risks of
disease transmission, the potential for triggering
adverse immune and inflammatory responses, and
the high final cost of the product, drive the constant
search for alternative natural sources that combine
biocompatibility, low cost, availability, and ease of
handling??-24,

One the alternatives is the use of Col from
fish species, including golden carp?®, tunaz?,
sea bass?*, and tilapia®®*®®. The Col obtained
from tilapia exhibits amino acid composition,
rheological properties, and thermal stability similar
to mammalian Col, suggesting its potential as an
alternative for biomedical applications®°. Moreover,
the combination of HA with Col has shown
promising results in recent studies, resulting in
the development of an angiogenic and osteogenic
nanocomposite with enhanced mechanical
resistance and higher osteogenic properties'?33132,
According to KKavitha Sri et al. 33, the presence of
Col in the composite facilitates cellular attachment
and is responsible for osteoblast adsorption and
mineral deposition. Additionally, the incorporation
of HA also promotes the deposition of minerals.

Also, HA/Col have used for manufacturing
scaffolds, which serve as a structural framework for
cellular attachment, proliferation,and bone ingrowth
434 One of the most promising techniques used
for scaffold manufacturing is the 3D printing3>3. It
has been emerging as a disruptive technology for
producing bone grafts, allowing the control of pore
creation and pore interconnectivity®’8. Moreover,
Xie et al3° demonstrated, in animal studies that
3D-manufactured scaffolds composed of HA/COL
exhibited an optimal environment for osteoblast
adhesion, migration, and growth.

Furthermore, taking into account the scientific,
environmental, and economic dimensions, the
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fabrication of 3D printed scaffolds employing Col
derived from tilapia skRin and HA via 3D printing
represents a potentially economically viable
alternative. Therefore, the hypothesis of this study is
that 3D printed HA/Col scaffolds have the potential
to be an improved treatment for stimulating bone
ingrowth and accelerating fracture consolidation.
Thus, the present study aimed to evaluate the
physicochemical and morphological properties and
the cytotoxicity of 3D printed scaffolds of HA/COL.

Methodology

Materials

Synthetic HA powder (no. 21223-1Rg, purity > 90%,
Ca,(PO,),) and sodium alginate (ALG) (no. W201502)
were purchased from Sigma Aldrich®. Fresh tilapia
skin was collected from the Fish MarRet in Santos
(Sao Paulo, Brazil) and Rept on ice until arrival at the
laboratory.

Collagen extraction (COL) from tilapia sRin

After removing the scales and the meat, tilapia
skin was obtained, cut into pieces of 5 cm? and
washed to remove surface impurities. Afterward,
the skin was lyophilized and weighed. Then, COL
was extracted using the method described by Li et
al. 4%, with modifications. Briefly, the skRin was Rept
in a solution of 0.1 M NaOH at a 1:50 (w/v) ratio
for 8 hours, under agitation for non-collagenous
proteins and pigments removal. The solution was
changed every 4 hours. Then, the skRin was washed
with distilled water until a neutral pH was obtained.
Samples were inserted in a solution of 10% (v/v)
butyl alcohol at a ratio of 1:50 (w/v) for 24 hours with
agitation and renewed every 8 hours for the removal
of fat tissue. After this step, samples were carefully
washed with distilled water until a neutral pH was
obtained, lyophilized, and weighed again. The
lyophilized sRin samples were then soakRed in 0.5 M
acetic acid (1:50, w/v) for 48 hours with continuous
stirring at 10°C. After stirring, the obtained solution
was filtered and the fltrate was stored.

The fltered material was centrifuged at 4800
rpm for 20 minutes at 4 °C. The supernatants were
collected and salted with NaCl to a concentration
of 0.9 M, homogenized well, and then salted again
to 2.4 M with NaCl for collagen precipitation. The
supernatants and precipitates were placed in 50
mL falcons and centrifuged at 4800 rpm for 20
minutes. The supernatant was discarded, and the
precipitate was collected to be resolubilized in 0.5
M acetic acid. The COL solution was dialyzed with
a dialysis membrane (molecular weight cutoff of
30 RDa) against a solution of 0.1 M acetic acid for
48 hours (with a change after 24 hours). Then, the
dialysis solution was performed again, with distilled
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water for 24 hours. The dialyzed material was frozen,
lyophilized, and ground using a cryogenic mill to
obtain a COL powder (5um).

Preparation of HA and HA/COL inks

The HA inkR was produced by mixing 1.5 g of ALG
at 6% (w/v) and 3.49 g of HA at a ratio of ALG/HA
(30/70%, w/v) in water (25 mL). The mixture ALG/
HA was homogenized in water at a temperature
of 55 °C. After the ALG/HA solution reached room
temperature, 2% calcium chloride (CaCl,) (5 mL) was
added to obtain the primary crosslinRing. Then, the
inkR was Rept refrigerated until its use.

For HA/COL inkR production, ALG/HA inR
(30:70), without adding the crosslinkRer was Rept at
10 °C for 24 hours. Afterwards, 1.8 g of COL in 10 mL
of 0.02 M acetic acid (10 °C) was added to the ALG/
HA solution and 10 mL of acetic acid was added.
Due to its high viscosity, the HA/COL inRk does not
require primary crosslinRing. The inR was mixed to
avoid clogging the nozzle during filament extrusion.
Subsequently, the inkR was Rept refrigerated until its
use.

Manufacturing of 3D printed scaffolds

The 3D printed HA/COL and HA scaffolds were
fabricated using the Octopus™ 3D Biotechnologies
Solutions (3DBS - Campinas, Brazil) bioprinter. The
scaffold design and slicing were performed using
PrusaSlicer® software version 2.4.0. The scaffold
geometry consisted of a cylindrical shape with
dimensions of 25 x 25 x 5 mm (Figure 1). The syringe
was filled with inkR and subjected to gentle tapping
to remove air bubbles.

Other parameters such as layer height, print
speed, and fill orientation (Table 1) were determined
after repetitions to ensure consistency and
reproducibility. At the end of the printing process,
the 3D printed HA scaffolds underwent a secondary
crosslinRing in a 10% CaCl, solution for 20 minutes,
while the 3d printed HA/COL scaffolds underwent
a primary crosslinkRing at the same concentration
and duration. After, the scaffolds were thoroughly
washed with distilled water to remove the
crosslinking agent. The scaffolds were dried at
room temperature for contraction of size, followed
by drying in an oven at 37 °C to remove residual
moisture.
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Figure 1- 3D model used for manufacturing HA and HA/
COL scaffolds.

Parameters
Scaffold fill 40%
Filling orientation 45°
Layer height 0.3 mm
Print speed 3 mm/s
Speed of unprinted movements 60 mm/s
Extrusion thickness 1 mm
Tip diameter 0.5 mm

Table 1- 3D printing parameters.
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Characterization of 3D printed scaffolds

Yield of collagen

At the end of collagen processing, the yield
of lyophilized collagen was calculated using the
following equation 14"

Yield (%)= Mio x 100% 1)

Where M, is the mass of the tilapia sRin
lyophilized before pretreatment and M is the mass
of the lyophilized collagen.

Scanning Electron and
macroscopic images

The 3D printed HA and HA/COL scaffolds were
gold-coated for morphological analysis using SEM
equipment (LEO, Model: 440) operated at 15 RV and
a magnification of 100x and 1000x. The images
were obtained at the Institute of Chemistry of Sao
Carlos (IQSC-USP).

Microscopy (SEM)

Energy Dispersive X-Ray Spectroscopy (EDS)

The elemental content and the Ca/P ratio
determination of the 3D printed HA and HA/COL
scaffolds were investigated by Energy Dispersive
X-ray Spectrometry (EDS). The analyses were carried
out at the Tribology and Composites Laboratory
(LTC) of the School of Engineering of Sao Carlos
(EESC) - USP.

Fourier Transform Infrared Spectroscopy (FT-IR)

The FT-IR spectrometer (Shimadzu Prestige-21)
was used to identify the functional groups present
in the COL, ALG, and HA powders. The powders
were mixed with IKBr at a ratio of 1:100 and pressed
to form pellets. The spectral range will be measured
between 4000 and 400 cm, with a resolution of 2
cm’.

X-Ray Diffraction (XRD)

To confirm the crystalline phase composition,
an X-ray diffractometer (Shimadzu XDR-7000)
was used with 40 RV and 30 mA radiation, CuK-o
(wavelength A = 154056 A). Spectra were recorded
from © = 206 = 10° to 80° with a step size of 0.02°
every 0.6 s. Hydroxyapatite was used as a reference
and compared to standard hydroxyapatite (COD
9013627) and monetite (COD 210684) obtained in
.cif format from the Crystallography Open Database
(COD). The analysis was performed at the Tribology
and Composites Laboratory (LTC) of the School
of Engineering of Sao Carlos (EESC) - USP. The
crystallinity index of the scaffolds was evaluated
according to equation 2.
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e area of all crystalline peaks
" area of all crystalline and amorphous peaks

(2)

Porosity

The volumetric percentage porosity of the
scaffolds (n=5) was measured according to the
Archimedes principle “2. The porosity was calculated
using equation 3

Porosity (%)= = X 100% (3)

Where W1 is the dry weight of the scaffold, W2
is the wet weight of the scaffold (including ethanol
solution at a temperature below room temperature
to avoid evaporation), and W3 is the weight of the
scaffold in 99.5% ethanol solution (subtracting the
buoyancy of WI).

Swelling ratio

The water absorption capacity was analyzed by
the degree of swelling of the samples according
to the method performed by Ahmadian et al.*3. The
scaffolds (n=5) were weighed and immersed in 20
mL of water (pH=7.3) in 50 mL falcon tubes and in-
cubated at 37 °C. After 1, 3, 18, 24, 48, and 72 hou-
rs, the scaffolds were removed and dried with filter
papers. The weight of the swollen scaffolds will be
measured using an analytical balance. The degree
of swelling of the scaffolds will be obtained accor-
ding to equation 4:

Ws-Wd

Swelling ratio = W (4)

Where Ws and Wd represent the weight of the
swollen and dried scaffolds, respectively.

pH evaluation

The pH of the incubation medium was measured
using a pH meter (Orion Star A211, Thermo Scientific,
Massachusetts, USA). A curve was obtained for the
pH data after incubation periods of 1, 3, 7, 14, and 21
days.

In vitro assay

Cell lineages

In this study, the osteoblast-like cell line Rnown
as MC3T3-El was used. The cells were cultivated
in flasks using Minimum Essential Medium alpha
(MEM-a) supplemented with 10% Fetal Bovine
Serum (FBS). The cultivation was carried out at a
temperature of 37 °C in a humid atmosphere with 5%
CO2. To ensure optimal growth conditions, the cells
were maintained at densities below the confluence
and passaged every 2-3 days until they were ready
for experimentation.
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MTT

The cells were seeded into a 24-well culture
plate at a concentration of 1x104 cells per well for a
period of 1, 3, and 7 days. This assay was performed
by placing the scaffolds in contact with the cells. At
the end of the experimental period, each well of the
culture plate was washed with Phosphate-Buffered
Saline (PBS), and 250 pL of MTT solution (0.5 mg/
mL) (Sigma - Aldrich Corp®, St. Louis, MO, United
States) was added. The cells were incubated (5%
CO2, 37°C) for 3 hours. After the incubation period,
500 pL of isopropanol was added to each well to
dissolve the formazan crystals, and the absorbance
at 590 nm was measured using a microplate reader
(Bio-TeR Instruments).

Statistical analysis

All data obtained in the study were analyzed in
the form of means and standard deviations. Initially,
the distribution of variables was tested using the
Shapiro-WilkR normality test. The analyzed variables
exhibited a normal distribution, and comparisons
between groups were performed using analysis of
variance (ANOVA), followed by TuRey's post-hoc
test. The statistical software used was GraphPad
Prism version 9.0, and the adopted significance
level was 5% (p < 0.05).

Results

Collagen yield

The collagen yield obtained by acid extraction
was 41.895%. The wet mass of collagen obtained
after the removal of scales and skin was 84.08 g.

1 mm

3D printed hydroxyapatite-collagen from tilapia...

After lyophilization, the mass of tilapia skin was
2715 g, considered as the initial mass for yield
calculation. Then, the lyophilized skRin underwent
pre-treatment and lyophilization, resulting in a mass
of 24.289 g. At the end of the purification, freezing,
and lyophilization steps of the obtained collagen,
the sum of the masses resulted in 11.3745 g.

Sem and macroscopic images

SEM morphology of the 3D printed HA and
HA/COL scaffolds is shown in Figure 2. Figure 2A
illustrates the macroscopic overview of 3D printed
HA scaffolds, demonstrating an approximate size of
16 mm post-drying. In Figure 2B, SEM image at 500x
magnification reveals a homogeneous structure
in the 3D printed HA scaffold, with well-defined
interconnected macropores fabricated through the
3D printing process. Figure 2C demonstrates the
effective integration of two materials, ALG and HA,
forming a porous network while maintaining distinct
particles of each material.

Furthermore, in Figure 2D it is possible to obser-
ve that 3D printed HA/COL scaffolds had a size of
approximately 14 mm after drying. Figure 2E pre-
sents the scanning SEM image (500x) of the 3D
printed HA/COL scaffold. Notably, the structure
exhibits a more fibrous appearance, though it re-
mains homogeneous. Additionally, interconnected
macropores, formed through the 3D printing pro-
cess, are evident. In Figure 2F, the incorporation of
COL is evident, featuring apparent fibers into the
particulate structure.

100 pm

1 lll;Fin|

Figure 2- Macroscopic and SEM images of HA and HA/COL scaffolds. (A) Macroscopic image of HA scaffold

(B) SEM microphotography of HA scaffold in a magnitude of 500x (C) SEM microphotography of HA scaffold

in @ magnitude of 1000x (D) Macroscopic image of HA/COL scaffold (E) SEM microphotography of HA/COL in

a magnitude of 500x (F) SEM microphotography of HA/COL in a magnitude of 1000x. (* indicates the pores,
— indicates the COL fiber).
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EDS

The EDS analysis results are shown in Table 2. In
the 3D printed HA scaffold, a significant abundance
of calcium (Ca) and phosphate (P) elements was
observed, consisting of 52.726% and 34.898%,
respectively. Also, the elements chlorine (Cl), silica
(Si), potassium (K), strontium (Sr), and palladium
(Pd) were identified, consisting of 10.022%, 2.004%,
0.189%, 0.159% and 0.002%, respectively. Moreover,
in the 3D printed HA/COL scaffold, the elements Ca,
P, Cl, Si, K, and Sr were obtained with percentages
of 51.995%, 22.214%, 21.936%, 0.781%, 0.359%, and
0.243%, respectively. The element Pd was not
detected; nonetheless, the elements sodium (Na)
and sulfur (S) were identified at percentages of
2100% and 0.413%, respectively. In addition, the
Ca/P ratio of the 3D printed HA and HA/COL
scaffolds were 1.510 and 2.340, respectively.

Content of Elements by Weight (%)
Element
HA HA/COL

Ca 52726 51.995

P 34.898 22214
cl 10.022 21.936
Si 2.004 0.781

KK 0.189 0.359
SI 0.159 0.243
Pd 0.002 -
Na - 2100

S - 0.413

Table 2- EDS spectrum results of elements observed
in HA and HA/COL scaffolds. The percentage was
calculated from qualitative analyses of the atomic mass
of each element, which results in a % of element mass.

Other parameters such as layer height, print speed,
and fill orientation (Table 1) were determined after
repetitions to ensure consistency and reproducibility.
At the end of the printing process, the 3D printed HA
scaffolds underwent a secondary crosslinRing in a
10% CaCl, solution for 20 minutes, while the 3d printed
HA/COL scaffolds underwent a primary crosslinkRing
at the same concentration and duration. After, the
scaffolds were thoroughly washed with distilled
water to remove the crosslinkRing agent. The scaffolds
were dried at room temperature for contraction of
size, followed by drying in an oven at 37 °C to remove
residual moisture.

Figure 3A illustrates the FTIR spectrum,
demonstrating ALG peaRs consistent with O-H
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Moreover, in Figure 3B, the FTIR spectrum of the
HA scaffold exhibits peaks from 3575 cm™ to 3325
cm’, indicative of O-H stretching, a peak at 1620 cm’
corresponds to C=0 stretching, while a -COOH an
in-plane bending appears at 1433 cm’. Furthermore,
a C-O-C stretching at 1030 cm™ is observed, with
the PO,* v3 stretching antisymmetric and PO,* v4
bending, with Ca-O stretching ranging from 550
cm to 600 cm™. LiRewise, the FTIR spectrum of HA/
COL scaffolds presents peaRs of O-H stretching
and Amide A in the range of 3575 cm™ to 3325 cm
!, a C=0 stretching and Amide | peaks occur within
the 1620 cm to 1640 cm* range, -COOH peaR is
apparent at 1433 cm”, while an Amide Il peaR is at
1244 cm”. Additionally, a C-O-C stretching at 1030
cm™ is observed with PO, * v3 antisymmetric pattern
stretching and PO, * v4 bending with Ca-O stretching
within the range of 550 cm™ to 600 cm™.

Transmittance (a.u)

— ALG
- COL
HA

|

T T T T T T T
Ll 3500 3000 2500 2000 1 500 1000 SO0
‘Wavenumber (cm™)

«,\ ,.- 7 ”““’\,1
/ '\

\
| / |

B / (1
-/ e I ;

HA
HA/COL

Transmittance (a.u)

T T T T T T T
3000 2300 2000 1500
Wavenumber (cm'')

Eli]

Figure 3- FTIR spectrum peaR results. (A) Elements
observed in raw materials ALG, HA and COL (B)
Elements observed in 3D printed HA and HA/COL

scaffolds.
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X-Ray Diffraction (XRD)

The XRD patterns of HA powder are shown in Figure 4. From the diffraction peaRs, it was observed
that the HA presented two crystalline phases of calcium phosphates: HA and monetite (DCPA). The main
diffraction peaks are found at 10.85°, 25.83°, 31.73°,32.88°, and 39.81° in 26 (°) and correspond to the planes
(100), (002), (211), (300), and (311) for HA, respectively. The XRD peak located at 30.30° in 26 (°) corresponds
to the monetite phase.

The crystallinity index (Xc) for the CalP phases was measured from the X-ray diffraction pattern by

calculating and summing the area of each significant peaR by the total area. According to equation, the
obtained crystallinity index was Xc = 72.26%.

100
1 | —— Hydroxyapatite
75 -
50
25 l
920- L i] J }; nl LlnLanlliih [T Y 1Y -
. ) 21223-Sigma
& 690 h &
1 |
£ 460 l
= 1 '
w 230+
= ] | | ﬁl
E 100 . — _N'\.._)I 'U"ulJ L'Illlw IIW\J\..»J\\JI J“JLMM s P
. —— Monetite
754
5{) -
25 - ‘
| [ T .HJ lJl] Jl ill.lh.hkililhllnh.\.x Sk i ml i
10 20 30 40 50 60 70 80

20 (°)

Figure 4- X-ray diffractograms of the HA powder sample
(#£21223) and the hydroxyapatite and monetite standards.

Porosity

Figure 5 demonstrates the values found for porosity evaluation. It is possible to observe that 3D printed
HA scaffolds presented a mean porosity of 36.9 % + 4.4 and 3D printed HA/COL scaffolds of 29.9 % + 4.2. Sta-

tistical analysis demonstrated that 3D printed HA scaffolds presented higher values compared to 3D printed
HA/COL scaffolds (p<0.05) (Figure 5).

50=
404
<
< 304
> HE HA
@ Em HA/COL
5 204
=

=
|

() =

Figure 5- Results of porosity for HA and HA/COL scaffolds (results are expressed as the mean + SD for 3 replicates, n
=5). ANOVA and post-hoc de TuRey (p < 0.05): *p < 0.05.
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Swelling ratio
The swelling ratio for 3D printed HA scaffolds were 34.632%, 36.816%, 35.182%, 43.119%, 39.924%, and

39.887% after immersion for 1, 3,18, 24, 48, and 72 hours, respectively. For the 3D printed HA/COL scaffolds,
the swelling ratio is 54.816% (1 h), 51.149% (3 h), 37.231% (18 h), 37.898% (24 h), 36.644% (48 h), and 22.612%
(72 h). Statistical analysis demonstrated that 3D printed HA scaffolds presented lower values compared
to 3D printed HA/COL at 1 and 3 hours (p<0.05). Otherwise, 3D printed HA scaffolds presented higher
values compared to 3D printed HA/COL scaffolds at day 72 hours (p<0.05) There was no other statistical

difference (Figure 6).

B0
—8- HA

& 60+ -#- HA/COL
E
DEJ:I 41} =
=
A () -

{ 1 1 1 | | |

| 3 18 24 48 T3
Hours

Figure 6- Results of swelling ratio for HA and HA/COL scaffolds (results are
expressed as the mean * SD for 3 replicates, n = 5). ANOVA and post-hoc de
TuRey (p < 0.05): *p < 0.05.

Mass loss
Figure 7 shows the mass loss rate of 3D printed HA and HA/COL scaffolds over an experimental period

of 1, 3, 7, 14, and 21 days. The variation in mass loss of the 3D printed HA scaffolds ranged from 69.70
to 82.02 and for 3D printed HA/COL scaffolds ranged from 92.67 to 97.72. At all experimental times, 3D
printed HA scaffolds showed higher values with significant differences compared to 3D printed HA/COL

scaffolds (p<0.05).

100

50—

9

= 60

E

% 40 - HA

= - HA/COL
20—

T T T 1 T
1 3 7 14 21

Days

Figure 7- Evaluation of mass loss of HA and HA/COL scaffolds (results are
expressed as the mean + SD for 3 replicates, n = 5). ANOVA and post-hoc de
TuRey (p < 0.05): *p < 0.05.
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pH evaluation
Figure 8 shows the pH variation of the PBS solution (initially 7.4) over an experimental period of 1, 3, 7,

14, and 21 days. The pH measured on days 1, 3, 7, 14, and 21 days for the 3D printed HA scaffold was 7.038,
6.978, 6.885, 6.866, and 6.822, respectively. The pH of the 3D printed HA scaffolds gradually decreased
over time, from 7.038 on day 1 to 6.822 on day 21. The pH measured on days of 1, 3, 7, 14, and 21 days for
3D printed HA/COL scaffolds was 7.056, 6.890, 6.768, 6.870, and 6.812, respectively. The 3D printed HA/
COL scaffolds reached their lowest pH on the day 7 and showed a significant difference compared to 3D

printed HA scaffolds (p<0.05).

- HA
- HA/COL

-
=
1

pH values

. 8=

6.6

Days
Figure 8- Results of pH evaluation for HA and HA/COL scaffolds (results

are expressed as the mean + SD for 3 replicates, n = 5). ANOVA and post-
hoc de TuRey (p < 0.05): *p < 0.05.

MTT
The results of MTT for the MC3T3-El cell line are shown in Figure 9. On day 1, CG presented higher

cell viability values compared to 3D printed HA and HA/COL scaffolds. On days 3 and 7 there were
no significant differences (p<0.05). At all experimental times, cell proliferation above 70% was noted

compared to CG.

Day 1 Day 3 Day 7
| 5()= 50— 150 =
&
= 100 — = 100 = 100
= P P
z Z Z
E 5 50— ? 50 =
0= ()=

- G s HA =Em HACOL

Figure 9- Results of proliferative activity by MTT of MC3T3-E1 cell line in the experimental periods
(results are expressed as the mean + SD for 3 replicates, n = 5). ANOVA and post-hoc de TuRey (p <
0.05): *p < 0.05.
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Discussion

The present study investigated the physicoche-
mical characteristics and biological effects of 3D
printed HA scaffolds and 3D printed HA enriched
with Col extracted from fish sRin (tilapia). SEM
analysis demonstrated the particulate aspect of
HA and the fibrous of COL and that both materials
were well mixed into the scaffolds. Moreover, a hi-
gher Ca/P ratio was observed for 3D printed HA/
COL scaffolds and FTIR demonstrated peaRs of
O-H, Amide A, C-O-C and Ca-0. For 3D printed HA/
COL scaffolds, the porosity was lower, the mass
loss was higher and the hydration ratio was higher 1
hour after immersion but decreased after 72 hours.
pH values were similar after 21 days of immersion.
The in vitro studies demonstrated that the materials
have not present any cytotoxicity (cell proliferation
for all experimental periods was above 70% for both
treated groups).

The inclusion of COL into HA is a promising
strategy for bone tissue engineering due to the
well-Rknown capacity of improving the biological
properties and accelerating the degradation of
ceramic materials & These characteristics are crucial
to the successful performance of the materials,
since the degradation rate of a biomaterial can
influence cell growth, tissue regeneration, and host
response*44s,

The COL yield for the fish samples was of 41.89%.
This rate is very discrepant among the studies and
can be attributed to the protocol of extraction used
and to the variations in the distribution of alignment
and composition of the fish matrices“. For example,
Chen et al.* reported a COL yield of 27.7% using the
acidic extraction of tilapia (Oreochromis niloticus)
skRin. Additionally, Veeruraj et al.*® found an 80%
collagen yield through acidic extraction from the
sRin of eel fish (Evenchelys macrura).

Furthermore, SEM results reveal notable
differences in the scaffold structures. Specifically, in
3D printed HA scaffolds, the absence of visible ALG
fibers is observed, demonstrating a homogeneous
structure despite the potential observation of
particulate arrangement. This absence, however, is
attributed to the successful integration of HA into
the ALG fibers, allowing for scaffold printing without
compromising the shape of the filament. The same
structure was seen in the worR of Iglesias-Mejuto
and Garcia-Gonzalez*°, where alginate and HA
scaffolds demonstrated a homogeneous structure.
The 3D printed HA/COL scaffolds exhibit a rougher
structure compared with 3D printed HA scaffolds,
by integrating COL fibers into the structure of HA
and ALG, this result corroborates with the findings
of Pati et al*°, where fish COL scaffolds exhibited a
fibrous architecture.
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Moreover, SEM findings are further substantiated
by FTIR analysis, which identifies characteristic peaks
corresponding to ALG, HA, and COL. These peaRs
serve as evidence for the accurate preparation of
the inR, highlighting the preservation of molecular
characteristics during the printing process. Similarly,
Han et al.>’ demonstrated that the AG peaks correspond
to hydroxyl (-OH), carbonyl (C=0), and carboxyl (COOH),
and also that the HA peaks correspond to hydroxyl
vibrations and phosphate stretching vibrations. The
findings of COL, on the other hand, corroborate with the
work of Slimane and SadoR®?, where peaks of Amide A,
Amide I, Amide Il, and Amide Il were also identified in
a sample of collagen from cartilaginous fish (Mustelus
mustelus).

Thus, the Ca/P ratio of the scaffolds, assessed
by EDS, approaches the stoichiometric value of HA
(~1.67). This data corroborates with the range observed
in human bone, where the Ca/P ratio typically varies
from 137 to 1.87°3. The accentuated value for the HA
structures occurred due to crosslinRing with 10% CaCl,.
Another significant finding is the detection of residual
Na in the 3D printed HA/COL scaffold sample at
2.100%, which is related to the NaCl used in the tilapia
sRin pretreatment process.

Furthermore, the porosity of the scaffolds is related
to their manufacturing process and the properties of
the materials involved. COL, being a fibrous protein,
can occupy pores in HA scaffolds, as evidenced by SEM
images where the pores in 3D printed HA scaffolds are
larger and better defined than in 3D printed HA/COL
scaffolds. Thus, scaffold pore size and connectivity are
critical points to be considered, once they are related
to an adequate vascularization and cell attraction >“
Research findings indicate that porous HA scaffolds
can notably enhance the adhesion, proliferation, and
migration of mesenchymal stem cells derived from rat
bone marrow facilitate the ingrowth of new bone, and
promote neovascularization in the region of the bone
defect®.

Moreover, the swelling ratio for 3D printed HA
scaffolds ranged from 34% to 44%, while the swelling
ratio for 3D printed HA/COL scaffolds varied between
22% and 55%. Furthermore, the rapid hydration of 3D
printed HA/COL scaffolds is attributed to the high
liquid absorption capacity of COL, which may be
associated with the presence of hydrophilic functional
groups such as NH, and COO' in the biopolymers °°.
However, this capacity gradually decreases over time,
suggesting possible degradation of the organic part of
the scaffold. Homogeneity during the periods studied in
hydration for scaffolds produced with HA is associated
with the degree of crosslinRing and the incorporation
of inorganic particles, such as HA structures.

Themasslossofthe3DprintedHA/COLscaffoldswas
significantly lower compared to 3D printed HA scaffolds.
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It is Rnown that the rate of HA dissolution is low,
which may be a disadvantage of using this material
as bone graft *’*8 For bone ingrowth, resorption of
the bone substitute material is mandatory since the
formation of newly formed bone in the defect area
needs the liberation of space®*-¢ Thus, it seems
that the introduction of COL into HA constituted a
potential strategy, allowing the acceleration of the
material degradation (demonstrated by the higher
mass loss), which consequently, could stimulate
the substitution of the material for new bone. These
findings corroborate those of Parisi et al.®?who also
observed a mass loss of scaffolds manufactured
with HA and collagen from marine sponges.

The analysis of the pH demonstrated a decrease
of the values during the experimental periods for
both scaffolds with no difference among them being
all the values around the physiological. Also, this
behavior constitutes a positive aspect of the use
of HA and HA associated to COL for bone tissue
engineering purposes. Values of pH around 7.4
produced a more homeostatic environment which
may have a positive influence in cell metabolism
and tissue regeneration %34 As the degradation of
HA is slow, there is no immediate release of ions to
the medium with no alRalinization or acidification
of the medium. Interestingly, the addition of COL
also had no effect on pH values. Magri et al.®> and
Parisi et al.%? also showed that the incorporation of
Col in Bioglass and HA -based materials had no
effect in the pH measurements, with values close
to the physiological one. Additionally, the in vitro
studies demonstrated that 3D printed scaffolds
had a positive effect on the viability of osteoblast
cells (with a minimum of 70% viability rate).
LiRewise, EshRol-Yogev et al.®® found an increase
of osteoblast proliferation cultured in the presence
of HA hydrogels. The osteoconductive properties
of HA is well Rnown but this material presents
no osteoinductive activity (limiting its osteogenic
potential and its use in the clinical setting) ¢. Thus,
COL introduction may play an important role in the
improvement of the biological performance of HA,
increasing bone mineralization and tissue ingrowth
. The association of HA and COL has been used
to improve osteoblast differentiation®®. The in vitro
results of the present study demonstrated that
COL can be used as the organic part of a bone
bioinspired graft, mimicRing better the composition
of the human bone tissue®, possibly constituting a
bone graft with improved biological properties.

Fish COL hasbeenemergingas promising source
of COL once it is biocompatible, easy to obtain, and
presents osteogenic properties’®. Each year, over 20
million tons of fish by-products—such as fins, heads,
sRin, and viscera—are discarded, representing a
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valuable and sustainable raw material for collagen
extraction”. Moreover, the combination of proteins
liRe fish Col with HA enables the development of
biomaterials with enhanced mechanical properties,
including improved strength, elongation, toughness,
and controlled degradation’.  Furthermore,
these composites exhibit greater bioactivity
and biocompatibility, contributing to a better
understanding of biomineralization processes .
In this context, our results demonstrated that the
incorporation of COL into HA was possible and
produced an improvement in the physical-chemical
characteristics and in the biological performance of
the 3D scaffolds. The material percentage was used
to design a bio-inspired composite, mimicking the
composition of bone tissue and possibly being a
more effective bone substitute’3-7>. In this context,
3D printed HA/COL scaffolds might constitute a
more appropriated structure for bone regeneration
compared to HA only.

Conclusion

Based on our investigations of 3D printed HA/
COL scaffolds were successfully obtained with
improved biological properties, especially the one
mimicRing the composition of bone (with 70% of
HA and 30% of COL). Consequently, these data
highlight the potential of the introduction of COL
into HA to improve the performance of the graft for
bone regeneration applications. Further long-term
studies should be carried out to provide additional
information concerning the late stages of material
degradation and bone healing by the HA/COL.
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