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1. Introduction

The aging global population has resulted in an increased incidence of bone defects
following trauma or diseases in recent years [1-3]. For instance, the most common type
of bone disease, osteoporosis, is estimated to affect more than 200 million people
worldwide [4]. However, critical-sized bone defects cannot be completely healed by
the self-healing ability of the human body [5, 6]. Hence, more than two million of bone
graft implantations are performed annually around the world [7]. However,
conventional bone grafts, including autografts and allografts, suffer from various
drawbacks, such as limited availability and donor site morbidity [8-10]. To overcome
these shortcomings, tissue-engineered bone substitutes prepared using a combination
of novel biomaterial and fabrication techniques have emerged as a promising
therapeutic alternative [6]. Among the various techniques used to fabricate tissue-
engineered bone constructs, three-dimensional (3D) bioprinting has been widely
explored as an effective alternative, which provides cell-friendly microenvironments
with a designed shape and porosity that promote bone repair and regeneration [11, 12].
The flexibility associated with the fabrication of tissue-engineered scaffolds
customized via computer-aided design and medical imaging can be advantageous for
personalized bone defect treatments [13]. However, 3D-bioprinted bone substitutes are
still affected by significant issues, such as the limited availability of printable
biomaterials that meet key requirements, including excellent printability, high
mechanical integrity, low toxicity, and appropriate cell interactions [14]. Therefore,

these limitations present a significant challenge to the robust and accurate fabrication



of bioprinted bone scaffolds capable of promoting effective regeneration of the target
tissues [15, 16]. For instance, the thermoplastic behavior and relatively low melting
point of polycaprolactone (PCL), an FDA-approved biodegradable synthetic polymer,
enables its easy processing into bone scaffolds fabricated with extrusion-based 3D
bioprinting techniques. However, despite the biocompatibility and ease of fabrication
of PCL, its intrinsic hydrophobicity and lack of osteoinductivity inhibit cell attachment

and osteogenic differentiation, frequently preventing successful therapy [17, 18].

To overcome the limitations of homogeneous material-based scaffolds in bone tissue
engineering, several studies have investigated the use of bioceramic/polymer
composites to improve the mechanical and biological properties of bone grafts [19, 20].
The primary advantage of these materials is their biomimetic composition, which
efficiently mimics the natural inorganic and organic constituents of bone tissue [21].
Bioceramics, such as hydroxyapatite (HA), tricalcium phosphate (TCP), and bioactive
glasses, have been commonly used in bioceramic/polymer composites due to their
similarity with the mineral phase of the natural bone matrix [22]. Among bioceramics
for bone tissue-engineered scaffolds, HA is one of the most extensively studied
materials due to its excellent physicochemical properties, such as osteoconductivity,
bioactivity, and resorbability, which can compensate the limitations of polymeric
matrices [16, 21, 23]. The addition of HA to a polymer improves not only the
osteogenic properties of the fabricated composite scaffold but also its rheological

properties, enhancing both mechanical strength and shape fidelity [19].

Both biocompatible synthetic polymers, such as polylactic acid (PLA), polylactic-

co-glycolic acid (PLGA), and PCL, and natural hydrogels, such as collagen, alginate,



and gelatin, have been widely used as the organic component of bioceramic/polymer
composites for bone tissue engineering applications [21]. However, the inherent
limitations of synthetic polymers, such as lack of bioactivity and relatively high
viscosity, can negatively affect the desired microenvironment for effective cellular
interactions and the bioceramic contents (<50%) [24]. In contrast, natural hydrogels
can induce bioactive responses through the biofunctional molecules absorbed on their
surface, which can enhance cell attachment, proliferation, and differentiation [16].
Moreover, natural hydrogels are frequently used for 3D bioprinting due to their shear-
thinning properties and excellent bioactivity, but their poor mechanical properties can
significantly limit effective bone repair in preclinical and clinical models [25, 26].
Hence, several studies have attempted to improve the crosslinking and geometrical
features of hydrogels to enhance the efficacy of bone defect treatments using bioprinted

hydrogels [27, 28].

To overcome the above limitations, multiple combinations of bioceramic/hydrogel
composites, including a-TCP/gelatin, HA/alginate, and bioactive glass/gelatin, have
been explored for bone tissue regeneration [19, 21]. Although many studies have been
performed on bioceramic/hydrogel composites, the fabricated composite scaffolds are
mechanically and compositionally not compatible with natural bone due to the intrinsic
limitations of hydrogels and the low bioceramic contents. Furthermore, bioprinting of
composites with high bioceramic contents is challenging because of their high
rheological resistance; hence, these materials are seldom employed in bioprinting.
Therefore, this thesis aims at discussing and analyzing new approaches for high

contents HA-based hydrogel composite as 3D printing (also known as additive



fabrication) applications toward bone tissue regeneration. Two 3D printing approaches

are employed to improve the applicability and functionality of HA as a printing material.

Firstly, in chapter 2, gelatin-based composites incorporating large weight fractions
(>60%) of nanosized HA were used to provide an adequate biomimetic environment
for bone tissue regeneration, with compositional and mechanical similarity to the
natural bone matrix. Secondly, in chapter 3, graphene oxide (GO) reinforced
HA/gelatin composite scaffolds were demonstrated to improve their mechanical

properties with maintaining appropriate printability.



2. Characterization of 3D-printed biomimetic

bone scaffolds with high HA content

With the increased incidence of bone defects following trauma or diseases in recent
years, three-dimensional porous scaffolds fabricated using bioprinting technologies
have been widely explored as effective alternatives to conventional bone grafts, which
provide cell-friendly microenvironments promoting bone repair and regeneration.
However, the limited use of biomaterials poses a significant challenge to the robust and
accurate fabrication of bioprinted bone scaffolds that enable the effective regeneration
of the target tissues. Although bioceramic/polymer composites can provide tunable
biomimetic conditions, their effects on the bioprinting process are unclear. Thus, in this
study, we fabricated hydroxyapatite (HA)/gelatin composite scaffolds containing large
weight fractions of HA using extrusion-based bioprinting, with the aim to provide an
adequate biomimetic environment for bone tissue regeneration with compositional and
mechanical similarity to the natural bone matrix. The overall features of the bioprinted
HA/gelatin ~ composite  scaffolds, including rheological,  morphological,
physicochemical, mechanical, and biological properties, were quantitatively assessed
to determine the optimal conditions for both fabrication and therapeutic efficiency. The
present results show that the bioprinted bioceramic/hydrogel scaffolds possess
excellent shape fidelity; mechanical strength comparable to that of native bone; and

enhanced bioactivity in terms of cell proliferation, attachment, and osteogenic



differentiation. This study provides a suitable alternative direction for the fabrication

of bioceramic/hydrogel-based scaffolds for bone repair based on bioprinting.

“This work has been published as “Additive Fabrication and Characterization of Biomimetic Composite
Bone Scaffolds with High Hydroxyapatite Content”. Gels. 2021;7(3):100.




2.1. Materials and methods

2.1.1. Preparation of the HA/gelatin composites

Nano-sized hydroxyapatite powder (< 200 nm particle size, nGimat) and type A
gelatin (porcine skin, Sigma Aldrich) were used to fabricate HA/gelatin composites.
Gelatin powder was dissolved in distilled water on a rotational shaker at 50 °C and
mixed with either 4.5, 7, or 12 g of HA powder (Table 1). The mixture was placed in a
planetary centrifugal mixer (AR-100, Thinky) for 1-2 minutes to make homogeneous

HA/gelatin composites.

Table 1. HA content of four HA/gelatin composites.

HA content . Distilled
Sample (WH%) HA (g) Gelatin (g) water (mL)
1 0 0 3 15
2 60 4.5 3 15
3 70 7 3 15
4 80 12 3 15

2.1.2. Rheological characterization

Rheological measurements of HA/gelatin composites were performed with a
rheometer (HR-2, TA instruments) operating in the oscillatory mode using a 20 mm
parallel plate with a 500 pm gap. The amplitude sweep test was performed at 1 Hz to
confirm the linear viscoelastic region before other rheological measurements. For the
temperature sweep test, -5 °C/min temperature ramps were conducted from 40 °C to
10 °C at a 1 Hz frequency and 1% strain. For the frequency sweep test, the angular

frequency was increased from 0.1 to 100 rad/s at 20 °C with a 1% strain.



2.1.3. Fabrication of composite scaffolds

The HA/gelatin composite scaffolds were fabricated with a self-developed 3D
bioprinting system. The nozzle temperature was set between 30 and 50 °C, according
to the contents of each HA/gelatin composite. The printing velocity and extrusion
pressure ranges were 5—15 mm/s and 200—400 kPa, respectively. The porous structure
was generated in a 0°/90° orientation with a nozzle diameter of 0.51 mm. The distance
between printed fibers was set to 1 mm for biological characterizations and 1.4 mm for
the other measurements. The external dimensions of the scaffolds were set to 19.6 x
19.6 mm. The strut diameter and pore size of the printed scaffolds were quantified by

optical image processing using the MATLAB software.

After fabrication, the scaffolds were immersed in a 0.25% w/v solution of
glutaraldehyde for 10 min at room temperature to chemically crosslink the gelatin
polymeric chains. To remove the remaining glutaraldehyde, the scaffolds were washed

three times with distilled water.
2.1.4. Physicochemical and structural characterization

The chemical structure and composition of the HA powder and fabricated HA/gelatin
composite scaffolds were analyzed by XRD (X’Pert-MPD, Philips, Eindhoven, The
Netherlands), FTIR spectroscopy (FT-4100, Jasco, Tokyo, Japan), and XPS (AXIS
Supra, Kratos, UK). The morphologies of the HA powder and HA/gelatin composite
scaffolds were inspected by field-emission TEM (JEM-F200, JEOL, Tokyo, Japan) and

low-vacuum SEM (JSM-6490LV, JEOL, Tokyo, Japan).



2.1.5. Mechanical characterization

To assess their mechanical properties, the composite scaffolds were cut into small
pieces (5.6 x 5.6 x 6 mm; 12 layers) and dried at 37 °C overnight. A compressive test
was then conducted with a universal testing machine (LR5K Plus, Lloyd Instruments,
Bognor Regis, UK) at a constant cross-head speed of 1 mm/min. Five samples of each

scaffold were tested to ensure the reliability of the results.
2.1.6. Biological characterization

Rat adipose-derived mesenchymal stem cells (RASMD-01001, Cyagen, Santa Clara,
USA) were used to evaluate the cellular behavior on the scaffolds. The fabricated
scaffolds were prepared with six layers and cut to 5.6 x 5.6 x 3 mm pieces, then
sterilized with ethanol and ultraviolet (UV) light. The cells (3 x 104 cells/scaffold) were
seeded on each scaffold and cultivated in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin—
streptomycin (pen—strep), and 1% non-essential amino acids. The seeded scaffolds
were incubated at 37 °C with 5% CO2. Before seeding the cells, the scaffolds were
preincubated in a culture medium for 24 h. The cells from the fifth passage were used

in all experiments.

After 1 and 3 days of culturing on scaffolds, cell viability was evaluated using the
MTT assay. The cell-seeded scaffolds were treated with 0.5 mg/mL MTT solution for
4 h at 37 °C. The scaffolds were then placed in dimethylsulfoxide (DMSO) for 30 min
at room temperature to dissolve the MTT formazan. The solubilized formazan was
measured in a microplate reader (Epoch, BioTek, Winooski, VT, USA) at 540 nm. Each

time point was tested in triplicate. After 4 days of cell culture, cell attachment on the



scaffold was evaluated by Hoechst 33,342 staining and fluorescent microscopy imaging

(Eclipse Ts2, Nikon, Tokyo, Japan).

ALP assay and ARS tests were performed to analyze the osteogenic differentiation
of ADMSCs on the scaffolds. The cells were seeded as described above, incubated for
24 h, and transferred to osteogenic differentiation media consisting of DMEM
supplemented with 10% FBS, 1% pen—strep, 50 pug/mL l-ascorbic acid, 10 mM -
glycerophosphate, 10 nM calcitriol, and 100 nM dexamethasone. After 14 days, the
osteogenic activity was assessed by ALP assay. The scaffolds were washed with PBS
and gently submerged in 1-step p-nitrophenyl phosphate (pNPP) solution; then, the

absorbance was measured at a wavelength of 405 nm using a microplate reader.

Calcium mineralization was evaluated by ARS staining. After incubating them for
21 days, the scaffolds were washed with PBS and fixed with 70% cold ethanol at room
temperature for 1 h. Then, the ethanol-fixed scaffolds were stained with ARS (pH 4.2)
for 20 min. To quantify calcium mineralization, the scaffolds were incubated in 10 mM
sodium phosphate buffer (pH 7.0) containing 10% cetylpyridinium chloride for 15 min,
and the absorbance was measured at a wavelength of 562 nm. Three samples were

tested for each incubation time.

2.2. Result and discussion

2.2.1. Rheological properties of HA/gelatin composites

In 3D bioprinting applications, rheological properties are known to be significantly
correlated with printing accuracy and shape fidelity [29-31]. Therefore, the rheological

characteristics of HA/gelatin composites were investigated to predict the deposition
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quality and optimize the printing parameters before the additive fabrication of the
composite bone scaffolds [32-34]. The influence of the temperature on the rheological
properties of the HA/gelatin composites was assessed at four different concentrations
of HA (0%, 60%, 70%, and 80%). Each group in Fig. 1(a) exhibits a change in storage
modulus (G') and loss modulus (G") as the temperature varied from 10 to 40 °C. While
the G' and G" curves of gelatin alone (without HA) crossed near 30 °C, indicating the
sol—gel transition, the G' values of HA/gelatin samples were higher than the G" values,
and the corresponding curves in each group did not cross, reflecting the enhanced
mechanical stability of the hydrogel upon the addition of the bioceramic. Overall, the
G' and G" values increased with increasing HA contents from 0 to 80%. The complex
viscosities (n*) of the HA/gelatin composites were also measured at 20 °C with varying
angular frequencies (w), as shown in Fig. 1(b). The viscosity of the HA/gelatin
composite increased with the amount of HA. In addition, all viscosity curves exhibited

distinct shear-thinning behaviors without any plateau.
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Figure 1. Rheological properties of HA/gelatin composites with different amounts
of HA. (a) Shear storage and loss moduli as a function of temperature. (b) Complex

viscosity as a function of angular frequency at 20 °C.
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2.2.2. Fabrication of HA/Gelatin composite scaffolds

To evaluate the printability of each HA/gelatin composite, three-layered HA/gelatin
composite scaffolds were initially fabricated with HA contents of 0%, 60%, 70%, and
80%, based on the rheological properties of each group (Fig. 2(a-h)). In the case of 0%
HA, gelatin showed significantly poor printability at both lower and higher
temperatures than the sol—gel transition temperature (near 30 °C) due to its low shear
moduli and over-gelation [35]. However, due to the increased shear moduli and
viscosities upon the addition of HA, the HA/gelatin composites could be additively
fabricated with excellent printability using an extrusion-based bioprinting technique.
The strut diameter and pore size of the printed scaffolds were then analyzed to quantify
their printing accuracy. The calculated strut diameter and pore size of the scaffolds with
60%, 70%, and 80% HA were similar to each other and comparable to ideal printing
conditions (strut diameter: 510 um; pore size: 890 um). However, the scaffold prepared
without HA exhibited a significantly inconsistent strut diameter and pore size, which
were substantially different from the nozzle diameter and pore size of the initially
designed structure (Fig. 2(i) and 2(j)). These experimental results indicate that the
incorporation of bioceramics such as HA into hydrogels can enhance their extrudability
and printing accuracy, which is essential for the additive fabrication of tissue-
engineered constructs [36]. In addition, the enhanced rheological properties enabled the
HA/gelatin composite to be deposited in 12 layers with high shape fidelity (Fig. 2(k)

and 2(1)).

12
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Figure 2. Printability assessment of HA/gelatin composites with different amounts
of HA. Microscopic images (scale bar = 500 um) and photographs (scale bar = 5 mm)
of 3D-printed HA/gelatin composite scaffolds with (a,e) 0%, (b,f) 60%, (c,g) 70%,
and (d,h) 80% HA. Statistical analysis of (i) strut diameters and (j) pore sizes.
Photographs of 60% HA/gelatin composite scaffold under optimal printing

conditions: (k) top and (l) side view (scale bar =5 mm).
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2.2.3. Chemical and Structural Properties of HA/Gelatin Composite

Scaffolds

The morphology of HA powders was investigated by transmission electron
microscopy (TEM), as shown in Fig. 3(a). The TEM images indicated the presence of
spherical-shaped HA nanoparticles. The chemical structure of the HA/gelatin
composite scaffolds was investigated using FTIR, XRD, and XPS. The FTIR spectra
of all fabricated scaffolds display a series of amide and carboxyl bands corresponding
to the chemical structure of gelatin (Fig. 3(b)). The peaks at 1644, 1536, and 1239 cm”
! were attributed to the C=0 stretching (amide 1), N-H bending (amide I1), and N-H
stretching (amide I11) vibrations, respectively [37], while the peak at 1450 cm™ was
associated with carboxyl groups [38]. For effective analysis of the HA vibrational
properties, the FTIR spectrum of pure HA powder was also measured and compared
with those of the scaffolds. According to this analysis, the peaks at 603 and 575 cm**
were attributed to the bending vibration of the phosphate group, while those at 1059,
1093, and 963 cm™ were associated with the phosphate stretching vibration [39]. All
fabricated scaffolds, except the HA-free gelatin scaffold, showed the characteristic
peaks of the phosphate group, whose intensity increased slightly with the HA content.
The physical structures of the HA powder and fabricated HA/gelatin composite
scaffolds were assessed using XRD (Fig. 3(c)). Only the scaffold without HA showed
a large amorphous hump around 26 = 20°, which is the typical XRD pattern of pure
gelatin, originating from its a-helix and triple-helical structure [40]. Distinct peaks were
observed in the XRD patterns of the pure HA powder at 20 values of 25.99°

corresponding to the (002) reflection; 28.43° for reflections (102) and (210); 31.9°

14



(triplet) for reflections (211), (112), and (300); and 34° for reflection (202). These are
the principal diffraction peaks of HA, according to the JCPDS card no. 09-0432 [37].
Apart from the HA-free scaffold, all fabricated scaffolds containing HA exhibited

distinct characteristic HA peaks.

The elemental compositions of the HA powder and fabricated HA/gelatin composite
scaffolds were analyzed using XPS. As shown in Fig. 3(d), the spectra of all fabricated
scaffolds incorporating HA showed the characteristic peaks of HA at 133, 199, 347,
and 437 eV, attributed to P 2p, P 2s, Ca 2p, and Ca 2s states, respectively [41].
Furthermore, the intensity of these peaks increased with the HA content. The N 1s peak
at 400 eV, indicating the presence of gelatin, was observed in the spectra of all scaffolds

[42].

The morphology and architecture of composite scaffolds containing HA were
visualized using SEM (Fig. 4). The scaffold pores were completely open and matched
well with the predesigned structure of all three scaffolds. The composite scaffold with
high HA content showed a relatively smooth surface compared to those with lower HA
contents, at both low and high magnification. The roughness of the scaffold surface
was strongly dependent on the HA and gelatin contents, which may be due to the

influence of the degree of evaporation during the drying process [43].
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Figure 3. (a) TEM image of HA powder (scale bar = 100 nm). (b) FTIR, (¢) XRD,
and (d) wide-scan XPS spectra of HA/gelatin composites (0%, 60%, 70%, and 80%

HA) and HA powder.
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Figure 4. SEM images (scale bar = 500 um) of HA/gelatin composite scaffolds with
(a,d) 60%, (b,e) 70%, and (c,f) 80% HA contents. The insets show high-magnification
(500x) images of the surface of the scaffold. (a—c) Top views; (d-f) side views.3. (a)
TEM image of HA powder (scale bar = 100 nm). (b) FTIR, (c) XRD, and (d) wide-
scan XPS spectra of HA/gelatin composites (0%, 60%, 70%, and 80% HA) and HA

powder.
2.2.4. Mechanical Properties of HA/Gelatin Composite Scaffolds

To quantitatively assess the role of HA on the mechanical properties of the
HA/gelatin composite scaffold, compressive tests were performed with varying
concentrations of HA, as shown in Fig. 5(a). The strain values at the maximum applied
stress decreased with increasing contents of HA (approximately 7% for 60% HA, 5%
for 70% HA, and 3% for 80% HA), indicating that the composite scaffolds became less
ductile due to the interference of the bioceramic with the hydrogel crosslinking. The
highest compressive strengths observed for 60%, 70%, and 80% HA contents were 2.3
+0.4,8.4+2.7,and 4.1+ 0.8 MPa, respectively (Fig. 5(b)). Moreover, the compressive

strengths of all HA/gelatin scaffolds were comparable to that of cancellous bone [44,
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45]. The 70% HA scaffold, with a similar composition to native bone, had a
significantly higher compressive strength compared to the other samples. These results
confirm the feasibility of using bioprinted bone scaffolds to mimic the mechanical
properties and composition of native bone tissue, overcoming the limitations of current

bioceramic/polymer composite scaffolds [46-48].
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Figure 5. (a) Representative stress—strain curves and (b) compressive strengths of

HA/gelatin composite scaffolds.
2.2.5. Biological Properties of HA/Gelatin Composite Scaffolds

To assess the effect of the HA/gelatin composite scaffolds on cell proliferation and
attachment, ADMSCs were cultured on the scaffolds. The cell proliferation in each
scaffold was evaluated at days 1 and 3 using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (Fig. 6(a)). At both time points, all scaffolds
containing HA showed higher absorbance values than those without HA. The highest
cell proliferation was observed for the scaffold containing 60% HA, as indicated by a

significantly higher absorbance value than that of the other three groups. These data
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imply that the presence of HA in the scaffolds can stimulate the proliferative response

of ADMSCs.

To assess the cell attachment, we obtained fluorescence images of Hoechst-stained
mesenchymal stem cells attached on the scaffolds (Fig. 6(b)). Similar to the MTT
results, the highest number of proliferated cells was detected on the surface of the
scaffold with 60% HA. However, a relatively low number of cells were observed in the
80% HA scaffold compared to the others. The reduced cell attachment to this scaffold
might be due to its relatively smooth surface (as shown in Fig. 4) and reduced

accessibility of cell-binding motifs owing to the relatively low gelatin proportion [49].

Many studies have demonstrated that the surface properties of a scaffold can affect
cell attachment, proliferation, differentiation, and even morphology [50-52]. It is well
known that the gelatin used in scaffolds can facilitate the exposure of cell-binding
motifs (i.e., RGD) that enable biological interactions between cells and scaffolds [19].
Moreover, the introduction of hydroxyapatite alters the microscale surface roughness
of the scaffold, which, in turn, can affect its cellular response, enhancing cell
attachment and proliferation [51]. Therefore, the appropriate proportions of HA and

gelatin must be adopted in the composite scaffolds to achieve the effective bone repair.

The osteogenic differentiation of ADMSCs was assessed by evaluating the alkaline
phosphatase (ALP) activity and calcium deposition by alizarin red S (ARS) staining.
The HA-containing scaffolds had a higher ALP activity than those without HA at day
14 (Fig. 7(a)). Furthermore, the scaffolds with 60-80% HA had higher ARS absorbance
values than the 0% HA scaffold at day 21 (Fig. 7(b)). These results imply that the HA

particles incorporated in the scaffolds can promote the osteogenic differentiation of
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ADMSCs, likely by enhancing the ALP activity of mesenchymal stem cells and
stimulating the endogenous expression of osteogenic growth factors, such as bone

morphogenetic proteins [16].
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Figure 6. (a) Cell proliferation and (b) fluorescence microscopy images (scale bar=

500 um) of Hoechst-stained ADMSCs attached on HA/gelatin composite scaffolds.
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HA/gelatin composite scaffolds.
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3. Optimized fabrication and characterization of
3D-printed bone scaffolds based on HA/gelatin

composites reinforced with GO

In tissue engineering, the design and fabrication of scaffolds are critical for providing
a proper microenvironment for cells to effectively form functional tissue [53].
Especially for the regeneration of bone tissue, a complex heterogeneous tissue with
intricate hierarchical architecture, the fabricated scaffold must be precisely designed
with sufficient penetration of the porous structure to meet the needs of new bone
ingrowth [54]. Specifically, several researchers have reported that depending on the
regeneration conditions, the ideal macropore size of a bone tissue engineering scaffold
is approximately 300-900 um with a porosity between 60% and 95% [55, 56]. However,
conventional fabrication methods including particle leaching, foaming, and freeze-
drying for bone tissue engineering have limitations to precisely control the overall
architectures and internal pore connectivity [21]. Recently, 3D-printing technology has
emerged as an innovative fabrication method and makes it possible to produce tissue-
engineered scaffolds with desired external shape and controlled pore architecture [34,
57]. Moreover, its combined use with medical imaging-based 3D modeling has enabled

the design and fabrication of patient-specific scaffolds with complex 3D structures [9].

As well as the pore architecture of the scaffold, the selection of biomaterials is
critical and directly influences the circumstances that can lead to an effective

therapeutic outcome. Among various materials, calcium phosphate-based bioceramics
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including hydroxyapatite (HA) are the most commonly used for bone tissue
regeneration owing to their compositional similarity to the mineral phase of natural
bone tissues and excellent biocompatibility, degradability, and osteoconductivity [21,
58]. Hence, various bone substitutes have been developed and commercialized based
on the major features of HA, such as promoting osseointegration and new bone
formation, as well as its low toxicity [59]. However, the poor mechanical properties of
pristine HA, including low fracture toughness and tensile strength, limit its potential
for clinical applications, and thus researchers have focused on enhancing its intrinsic

mechanical properties through the incorporation of reinforcement materials [60].

Since its rise, graphene, which is a single-atom-thick layer of sp?-bonded carbon
atoms in a two-dimensional honeycomb lattice, has been intensively investigated as an
effective reinforcement material due to its exceptional mechanical properties (Young’s
modulus = 1 TPa, tensile strength =~ 130 GPa, and elastic modulus = 32 GPa), as well
as its excellent thermal and electrical properties [61]. Furthermore, while keeping these
properties to a certain extent, graphene sheets have been modified to produce various
derivatives such as graphene oxide (GO) and reduced GO with widely versatile uses.
In particular, GO, a highly oxidized form of chemically modified graphene, is
negatively charged in an aqueous solution due to it containing hydroxyl, carboxyl, and
epoxy functional groups, and thus its dispersibility is significantly improved compared
with graphene [62]. In this regard, several studies have been published on the use of
graphene derivatives to enhance the mechanical properties of HA as a reinforcement
material. For instance, the fracture toughness and elastic modulus of pure HA were

significantly enhanced by as much as 86-203% and 40-243% with GO and rGO,
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respectively [63-65]. However, despite these advantages, HA-based bone scaffolds
reinforced with GO via 3D-printing technology have not yet been reported. Compared
to conventional fabrication methods for bone substitutes, the 3D-printing process is
relatively complex, and so requires optimization to obtain precisely interconnected pore

structures and appropriate mechanical properties.

Therefore, in this study, we fabricated GO-incorporated HA/gelatin composite
scaffolds by using an extrusion-based 3D-printing technique with precisely designed
microstructures. Gelatin, a well-known natural polymer widely used in 3D hydrogel
printing, is combined with HA/GO composites to manipulate the viscosity of the
ceramic slurry for proper extrusion [66]. Maoreover, enhanced biomimetic properties
can be provided in the HA/gelatin composite due to their synergistic advantages that
mimic the inorganic and organic constituents of natural bone tissue [67]. After the
preparation of the materials, the overall mechanical properties of the GO-reinforced
composites were quantitively assessed to verify the reinforcement effect before 3D-
printing. Thereafter, their physicochemical and rheological properties were
guantitatively analyzed and compared with controls. In addition to the assessed various
properties of HA/gelatin/GO composites, their extrudability and printing resolution
were precisely evaluated to optimize the parameters such as printing temperature,
extrusion pressure, and printing velocity for the additive fabrication of bone scaffolds.
Finally, the compressive and flexural strengths of the 3D-printed composite scaffolds
fabricated with optimized printing parameters were assessed. The outcomes of the

study show the feasibility of using GO-reinforced bioceramic composites for the
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additive fabrication of bone scaffolds that overcome the limitations of conventional

bone substitutes.

*This work has been accepted as “3D-printed hydroxyapatite/gelatin bone scaffolds reinforced with
graphene oxide: optimized fabrication and mechanical characterization”. Ceramics International.
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3.1. Materials and methods

3.1.1. Materials

Graphite powder, sulfuric acid (H.SO.), potassium permanganate (KMnO.),
hydrogen peroxide (H202), and type-A gelatin were purchased from Sigma Aldrich (St.
Louis, USA). The hydroxyapatite (HA) powder with a particle size of less than 200 nm

was purchased from nGimat, USA. All the chemicals used were of research grade.
3.1.2. The synthesis of graphene oxide

The graphene oxide (GO) was produced by the oxidation of commercially available
graphite powder by using a modified Hummers method [68-70]. Briefly, graphite
powder (1.0 g) was mixed in 23 mL concentrated H,SO, for 2 h. Afterward, 3 g of
KMnO, was gradually added to the mixture while keeping the temperature lower than
20 °C. The temperature was then increased to 40 °C and the mixture was stirred for 30
min. Next, the mixture was heated to 70 °C for 45 min, and 3 ml of DI water was added
to the mixture followed by heating 105 °C for 5 min. Another 3 ml of DI water was
added to the mixture while keeping the temperature at 105 °C for 5 min. Thereafter, 40
ml of DI water was added to the mixture while maintaining the temperature at 100 °C
for 15 min. Finally, 140 ml of DI water and 3 ml of 30% H,O, were added to terminate
the reaction. The final solution was filtrated and washed with 10% HCI and distilled
water to remove any reaction byproducts. The washed final solution was dried

overnight in an oven at 40 °C.
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3.1.3. Preparation of the HA/gelatin/GO composites

Composites were prepared with various concentrations of HA, gelatin, and GO, as

reported in Table 1. First, synthesized GO powder was dispersed in distilled water at a

concentration of 0.5% or 1% wi/v via ultrasonication in a bath sonicator. Thereafter,

gelatin powder was added to the GO solution at a concentration of 20% w/v and mixed

using a magnetic stirrer at 70 °C for 2 h. Subsequently, 4.5, 7.5, 10.5, or 13.5 g of HA

powder was added to the gelatin/GO solution followed by mixing with planetary

centrifugal mixer (AR-100, Thinky Corp.) for 1 min to produce homogeneous

HA/gelatin/GO composites. Specimens without GO were made by simply mixing 20%

w/v gelatin solution and HA powder as a control group.

Table 2. Concentrations of the components in the HA/gelatin/GO composites.

Specim  HA  Gelatn . GO HA  Gelatn GO Dol
en %(wiv)  %(wi)  Y%(wiv) 9) 9) 9) (mL)
1 30 20 0 45 3 0 15
2 30 20 0.5 45 3 0075 15
3 30 20 1 45 3 015 15
4 50 20 0 75 3 0 15
5 50 20 05 75 3 0075 15
6 50 20 1 75 3 015 15
7 70 20 0 105 3 0 15
8 70 20 05 105 3 0075 15
9 70 20 1 105 3 015 15
10 90 20 0 135 3 0 15
1 90 20 05 135 3 0075 15
12 90 20 1 135 3 015 15
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3.1.4. Characterization of HA powder, GO, and the HA/gelatin/GO

composites

Morphological features were performed with a transmission electron microscope
(TEM, HT-7800, Hitachi Hightech). An X-ray diffractometer (X’ Pert3-Powder,
PANalytical) was operated at 40 kV and 30 mA over a 20 range of 5—80° with CuKa,
radiation to obtain X-ray diffraction (XRD) spectra of the samples. Raman spectra of
the composite scaffolds were obtained by using a micro-Raman spectrometer (NRS-
5100, JASCO) with a 785 nm laser in the range 250—2500 c¢cm™. Fourier-transform
infrared (FTIR) spectra were measured with an FT-4100 (JASCO) in the range
650—4000 cm™. Thermogravimetric analysis (TGA) was performed by using a
thermogravimetric analyzer (Pyris 1, Perkin EImer) at a heating rate of 10 °C/min over

a temperature range of 30—800 °C.
3.1.5. Rheological measurements of the HA/gelatin/GO composites

The rheological properties of the HA/gelatin/GO composites were measured with a
rheometer (HR-2, TA instruments) operating in oscillatory mode using a 20 mm
parallel plate with a 1000 um gap. To avoid dehydration, a solvent trap was used in all
measurements. An amplitude sweep test was performed to confirm the linear
viscoelastic region with a frequency of 1 Hz before further rheological measurements.
For the temperature sweep test, the temperature was ramped up by 1 °C/min from 15
to 50 °C with an angular frequency of 10 rad/s and a strain of 1%. For the frequency
sweep test, the angular frequency was changed 0.1 to 100 rad/s at 25 °C with a strain

of 1%.
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3.1.6. 3D-printing of HA/gelatin/GO scaffold

HA/gelatin/GO composite scaffolds were fabricated by using a self-developed 3D-
printing system; the overall fabrication process is summarized in Fig. 8. The prepared
composites were deposited layer-by-layer through a nozzle with a diameter of 510 um.
The printing parameters including printing temperature, extrusion pressure, and
printing velocity were initially set in the ranges 35—50 °C, 200—500 kPa, and 1-10
mm/s, respectively, and then optimized based on the quality and accuracy of the
deposited structures. The porous structures were generated while oriented at 0°/90°
with a spacing of 1 mm and a layer height of 500 um. The external dimensions of the
scaffolds were set as a 20 x 20 mm square shape. The strut diameters of the printed
scaffolds were quantitatively assessed via optical image processing using MATLAB

software.

After fabrication, the scaffolds were immersed in a solution of 0.25% wi/v
glutaraldehyde for 24 h at room temperature to chemically crosslink the gelatin
polymeric chains. Subsequently, the scaffolds were washed three times with distilled

water to remove any remaining glutaraldehyde.
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Figure 8. A schematic of the fabrication process for the 3D-printing of

HA/Gelatin/GO composite scaffolds.

3.1.7. Morphological and mechanical characterization of HA/gelatin/GO

scaffolds

The morphologies of the 3D-printed HA/gelatin/GO scaffolds were examined via
field-emission scanning electron microscopy (MIRA 3, Tescan) after coating them with
Pt. The mechanical properties of both conventionally fabricated and 3D-printed
scaffolds were compared by using a universal testing machine (LR5K Plus, LLOYD

Instruments).

To assess the compressive strength, cylindrical-shaped scaffolds with a diameter of
4 mm and a height of 6.5 mm are conventionally fabricated via molding and a 3D-

printed 12-layer 4.5 x 4.5 x 4.5 mm-sized cube-shaped scaffold were prepared and
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dried at room temperature. Ten specimens from each group were tested at a constant
crosshead speed of 0.5 mm/min, and the toughness of the composite scaffolds was

estimated by computing the area under the stress-strain curve.

Three-point flexural testing was performed with a supporting span of 20 mm at a
crosshead speed of 0.2 mm/min. The 3D-printed scaffolds (25 x 3.5 x 1.5 mm; 4 layers)
were tested according to the procedure described in ASTM C1161-02c, while the

flexural strength was determined as follows:

& St
" 2bd?’

where P is the applied load, | is the support span distance, b is the specimen width,
and d is the thickness of the specimen [71]. Twenty specimens from each group were
tested to obtain an unbiased estimate of the reliability by Weibull analysis. The Weibull
modulus (m) values were determined according to ASTM C1239-13 by fitting the

strength data according to

1
In [ln (—)] =m [ln (i)]
1—Pf (o)
where Pt is the probability of failure at a stress o, and o is the characteristic flexural
strength determined from the intercept of the fit to the data and m [72]. The value of 6o
is also the stress at which the probability of failure is 63%. Ps was evaluated by applying

the following relationship:
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where n is the total number of specimens tested and i is the specimen rank numbers

in ascending order of failure stress level.
3.1.8. Statistical analysis

All data are presented as the mean * standard deviation of independent replicates.
Statistical analysis was conducted by using Student’s t-tests, with *, ** and NS
denoting p < 0.05, p < 0.001, and p > 0.05 (no significant difference) between groups,

respectively.

3.2. Result and discussion

3.2.1. The mechanical properties of the HA/Gelatin/GO scaffolds

fabricated via the conventional method

According to previous investigations, the reinforcement mechanism of graphene-
based HA composites typically comes from the inhibition of crack propagation due to
bridging, branching, and deflection within the composite matrix [63, 73, 74].
Furthermore, the fraction of reinforcement material within the composite matrix is an
incredibly important consideration because it is an essential factor for determining the
mechanical efficiency of the composites [60]. Therefore, we quantitatively assessed the
mechanical properties of the HA/gelatin/GO composites with varying concentrations

of blended materials to assess the reinforcement effect of GO.

As shown in Fig. 9(a), cylindrical-shaped HA/gelatin/GO scaffolds were prepared
for compression testing via conventional molding with HA concentrations of 30%, 50%,
70%, or 90% and GO concentrations of 0%, 0.5%, or 1%. As can be seen in Fig. 9(b),

the stress-strain curves of most of the HA/gelatin scaffolds without GO show
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approximately linearly increasing stress with increasing strain followed by a sharp
decline, which is the typical pattern of brittle material, except for the scaffolds with a
relatively low HA ratio (30% HA/0% GO). However, the curve of the scaffolds with
incorporated GO slowly dropped after the maximum strength point followed by a
horizontal ductile plateau after elastic deformation (Fig. 9(c) and 9(d)). The

compressive strength and Young’s modulus values of the as-fabricated HA/gelatin/GO

scaffolds were plotted on the vertical bar graph with respect to HA and GO
concentrations (Fig. 9(e) and 9(f)) and are presented in tables with a graded color scale
in Fig. 9(g) and 9(h). The experimental results indicate that the mechanical properties
of HA/gelatin scaffolds can be improved by reinforcement with GO and the level of
improvement is related to the concentration of HA. In particular, the 50% and 70% HA
groups showed distinct increases in both compressive strength and Young’s modulus
values with GO incorporation. Furthermore, the maximum reinforcement effect on
compressive strength and Young’s modulus values was observed in the scaffold with
70% HA and 1% GO, which were respectively 54% and 38% higher than those of the
scaffold without GO. Moreover, the 70% HA group showed a gradual increase in both
compressive strength and Young’s modulus with the addition of GO, and so an HA
concentration of 70% was used in composites for further study, including the 3D-

printing of the composite scaffolds.
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Figure 9. Compressive strength testing of conventionally fabricated
HA/gelatin/GO composite cylindrical scaffolds. (a) Representative images of the
fabricated HA/gelatin/GO specimens used in the compressive strength testing
(scale bar = 2 mm). Stress-strain curves of HA/gelatin/GO specimens fabricated
with various GO concentrations of (b) 0%, (c) 0.5%, and (d) 1%. (e¢) Compressive
strength bar charts of the fabricated HA/gelatin/GO specimens. (f) Young’s
modulus plots of the fabricated HA/gelatin/GO specimens. The effect of varying
the degree of GO reinforcement of HA/gelatin specimens on (g) compressive

strength and (h) Young’s modulus.
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3.2.2. Characterization of HA powder, GO, and the HA/gelatin/GO

composites

The morphology of synthesized GO was investigated by using TEM. The TEM
image in Fig. 10(a) shows exfoliated GO sheets with a smooth and small wrinkled
surface. UV-Vis and XPS spectra of graphite and GO were obtained to assess the
degree of oxidation of GO (Fig. 10(b) and 10(c)). As expected, the UV-Vis spectrum
of graphite had no remarkable absorption peaks whereas that of GO showed an
absorption peak at 232 nm and a shoulder peak at 300 nm, which were attributed to 71—
m* transition of aromatic C=C bonds and n—n* transition of C=0O bonds, respectively
[75]. The XPS spectra confirmed the existence of carbon and oxygen elements in the
synthesized GO through the characteristic binding energy peaks at 285 eV and 531 eV
ascribed to the C 1s and O 1s, respectively [76]. In addition, the C/O atomic ratio of
the synthesized GO was measured as 1.69 using XPS, which is within the appropriate

range of 1.5 to 2.5, as has been previously reported [77].
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Figure 10. (a) A transmission electron microscopy (TEM) image of graphene oxide
(GO), and (b) UV-Vis absorption spectra and (c) wide-scan X-ray photoelectron

spectroscopy (XPS) spectra of GO and graphite.
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Fig. 11(a) shows a characteristic XRD pattern of HA powder, GO, and
HA/gelatin/GO composites with a GO concentration of 0, 0.5, or 1%. The XRD peaks
of HA/gelatin/GO composites are consistent with the HA pattern reported in JCPDS
09-0432. Specifically, the 20 value at 25.99° corresponds to the (002) reflection; at
28.43°to the (102) and (210) reflections; at 31.9° (triplet) to the (211), (112), and (300)
reflections; and at 34° to the (202) reflection [58]. The XRD pattern of the synthesized
GO presents a strong and sharp diffraction peak at 26 = 11.1°, which was attributed to
the (002) plane. However, this peak was not detected in HA/gelatin/GO composites,
most likely due to damage to their crystallographic order and the irregular arrays of
atoms in three dimensions [64]. Fig. 11(b) shows FTIR spectra of HA powder, GO, and
the HA/gelatin/GO composites. That of synthesized GO reveals the presence of
different oxygenated functional groups: O—H stretching at 3200-3400 cm™, C=0
stretching vibrations at 1720 cm, C—OH stretching vibrations at 1396 cm™, C—-O—C
epoxide groups at 1221 cm™, and C—O alkoxy groups at 1046 cm™, as well as C=C
vibrations from aromatic structure domains at 1621 cm™ [78]. The spectrum of HA
powder shows characteristic peaks at 963, 1016, and 1093 cm™*, which were attributed
to the stretching vibration of the phosphate group [39]. The spectra of all of the
HA/gelatin/GO composites presented the same characteristic peaks as the HA spectrum
whereas those in the GO spectrum were overlapped by strong adsorption peaks
corresponding to HA and were slightly shifted due to the characteristic groups of
gelatin: the C=0 stretching vibration of amide I at 1644 cm™, N—H bending of amide

II at 1536 cm™, and N—H stretching of amide III at 1239 cm™.
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Raman analysis was conducted to determine the existence and contribution of GO in
the composites. Fig. 11(c) shows Raman spectra of HA powder, GO, and
HA/gelatin/GO composites; synthesized GO is represented by typical D and G bands
at around 1320 and 1574 cm, respectively. The D band is associated with the presence
of disorder in the aromatic structure or the edge effect of graphene, while the G band
appeared due to the in-plane vibration of the sp? carbon atoms. Both of these
characteristic bands of GO are also clearly evident in the spectra of the HA/gelatin/GO
composites. Furthermore, the sharp peak with high intensity at 961 cm™ and broad
peaks at 447, 594, and 1054 cm™ indicated the existence of HA in all of the composite
groups. The strong peak at 961 cm™ corresponds to the totally symmetric stretching
mode (v1) of the tetrahedral PO4 group and the relatively weak peaks at 447, 594, and
1054 cm™* were attributed to the doubly degenerate bending mode (v,) of the PO, group,
triply degenerate bending mode (v4) of the PO4 group, and triply degenerate asymmetric

stretching mode (v3) of the PO, group, respectively [79].

The thermal stabilities of HA powder, GO, and HA/gelatin/GO composites were
measured from 30 to 800 °C by using TGA, the results of which are shown in Fig. 11(d).
The TGA curve of GO shows characteristic thermal degradation at a temperature
around 180 °C, which is attributed to the pyrolysis of labile oxygen functional groups
such as hydroxyl, epoxy, and carbonyl [80]. On the contrary, due to the high thermal
stability of HA, the HA powder and HA/gelatin/GO composites showed relatively slow

and low weight loss behavior during the heating process [81].
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Figure 11. Characterization of HA powder, GO, and HA/gelatin/GO composites.

(a) XRD patterns, (b) FTIR spectra, (¢) Raman spectra, and (d) TGA curves.

3.2.3. Rheological and printability assessments of the HA/gelatin/GO

composites

To obtain 3D-printed scaffolds with precisely interconnected porous structures, the
printing parameters for the HA/gelatin/GO composites were optimized based on
rheological and printability assessments. Proper optimization of the printing parameters
and rheological analysis of the composite is essential because each parameter, such as
printing temperature, extrusion pressure, and printing velocity, is significantly affected
by the rheological properties of the printing material and influences the dimensional

accuracy of the fabricated scaffold [33, 82].
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From the frequency sweep test (Fig. 12(a)), the storage modulus (G') was dominant
over the loss modulus (G") over the whole investigated frequency range (0.1-100 rad/s),
thereby facilitating the excellent shape fidelity of the printed scaffolds [83]. In addition,
both G'and G" significantly increased with the incorporation of GO, which is favorable
for maintaining the printed structure in multi-layered 3D structures [84]. Moreover, the
complex viscosity of the composites was measured to confirm their shear-thinning
behavior (Fig. 12(b)), which is required for their pneumatic extrusion from the nozzle;
the composites with a GO concentration of 0%, 0.5%, or 1% presented distinct shear-
thinning with complex viscosity that linearly decreased with increasing angular
frequency. In addition to the shear-thinning behavior, the temperature-dependent
rheological properties of thermo-sensitive materials such as gelatin and collagen are
significant because very precise control of the temperature is required to maintain the
shape fidelity of the printed scaffolds [85]. Fig. 12(c) shows temperature-dependent
changes in the viscoelasticity of the composites under a temperature sweep from 15 to
50 °C. Because of the relatively high proportion of HA, there was no sol-gel transition
in any of the composites below 50 °C (the crossover point between G' and G"), thereby
ensuring the rheological stability of the printing material from potential phase

separation during thermal change.

After analysis of the rheological properties of the HA/gelatin/GO composites, their
extrudability, flow rate, and printability were examined, as presented in Fig. 12(d—h).
First, the extrudability of HA/gelatin/GO composites was investigated at various
printing temperatures under constant pressure and categorized into three statuses of

flow rate at a fixed extrusion pressure of 500 kPa: printable (proper flow rate), non-
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printable (extrudable but with an extremely low flow rate), and non-extrudable (not
measurable). The results in Fig. 12(d) indicate that the composites except for the one
with 1% GO were extrudable with increasing printing temperature and extruded
smoothly over 45 °C. Meanwhile, the composite with 1% GO, which revealed the
highest G' in the rheological assessment, needed a slightly higher printing temperature
of 47.5 °C for printable extrusion. After studying the extrudability at various printing
temperatures, the printing temperatures for the composites was fixed at the lowest value

for each (45 C for 0% and 0.5% GO; 47.5 °C for 1% GO) and the flow rate of the

composite under varying extrusion pressure was explored (Fig. 12(e)). Seven different
values of extrusion pressure from 200 to 500 kPa were applied to each group at a fixed
printing temperature, and the weight of the composite material extruded for 60 seconds
was measured to calculate the flow rate. The flow rate of the composite without GO
was higher than those of the composites with 0.5% and 1% GO at the same printing

temperature due to it having the lowest G'.

The printability of the HA/gelatin/GO composites with 0, 0.5, or 1% GO was
assessed by considering the continuous extrusion and deposition of the composite
materials, as shown in Fig. 12(f). Two-layered HA/gelatin/GO composite scaffolds
were fabricated at varying printing velocities under a printing pressure of 350 kPa; the
printing morphology and resolution were analyzed with acquired macroscopic and
microscopic images of the composite scaffolds. When the composite material was
extruded at higher printing speeds than the optimum (4 mm/s for 1% GO, and 10 mm/s
for 0% GO and 0.5% GO), the strands of the printed scaffolds easily disconnected and

the shape fidelity was poor. On the other hand, at the lowest printing speed (1 mm/s)
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the pores in all the printed scaffolds were closed due to excessive localized deposition.
The strut diameter of the HA/gelatin/GO scaffolds was quantitatively analyzed by using
microscopic images to acquire the optimized printing parameters (Fig. 12(g-h)). The
morphological images and quantified results indicate that the calculated strut diameters
decreased with increasing printing velocity, while printability at a printing velocity of
7 mm/s for 0% and 0.5% GO and 3 mm/s for 1% GO was excellent with comparable

strut diameters to that under ideal printing conditions (a nozzle diameter of 510 um).
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Figure 12. Rheological and printability assessments of the HA/gelatin/GO
composites. (a) Oscillatory frequency sweep testing, (b) complex viscosity as a
function of angular frequency, (c) oscillatory temperature ramp testing, (d)
extrudability at various printing temperatures, and (e) flow rate at various extrusion
pressure levels with the optimized printing temperature. (f) Representative images of
the 3D-printed HA/gelatin/GO scaffolds at various printing velocities at the optimized
printing temperature (scale bar =5 mm). The inset frames are microscopy images of
the 3D-printed scaffolds (scale bar = 500 um). (g and h) Quantitatively analyzed strut

diameters of the 3D-printed HA/gelatin/GO scaffolds.
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3.2.4. The structural and morphological properties of 3D-printed

HA/gelatin/GO composite scaffolds

Fig. 13 shows top and side view optical and SEM images of 3D-printed HA/gelatin
scaffolds with varying GO concentrations (0%, 0.5%, or 1%). All of the scaffolds were
stably fabricated with optimized printing parameters precisely determined via the
rheological and printability assessments. As shown in the SEM images, the composite
scaffolds showed a similar strut size and pore structure regardless of the varying
concentrations of GO by application of the optimized printing parameters. This
structural similarity is essential for avoiding unnecessary factors for mechanical
assessment and accurate verification of the reinforcement effects of GO.
Top view Side view

(d) =

Figure 13. Morphological analysis of 3D-printed HA/gelatin/GO scaffolds. (a—c,

g—i) Photographs (scale bar =5 mm) and (d—f, j-1) SEM images (scale bar = 500 pm).
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3.2.5. The mechanical properties of 3D-printed HA/gelatin/GO composite

scaffolds

Compressive and three-point flexural tests were conducted to investigate the effect
of GO on the mechanical properties of 3D-printed HA/gelatin/GO scaffolds. Fig. 14(a)
shows representative stress-strain curves of the 3D-printed HA/gelatin/GO scaffolds
with different GO concentrations under uniaxial compression. Overall, all of the
scaffolds exhibited similar fracture behavior of lattice structured scaffolds without a
noticeable plateau region: linear elastic behavior was observed until the ultimate strain
was reached and explosive failure occurred due to multiple crack propagation within
the rod segments [86]. However, the tolerance to damage (i.e., the toughness) of the
HA/gelatin composite scaffolds was significantly enhanced with the proper addition of
GO. Indeed, the compressive toughness of the HA/gelatin scaffold was increased by
75.7% with 0.5% GO (676.13 + 165.76 kJ/m®) compared to the control (384.82 + 66.81
kJ/ m®). Fig. 14(c) and 14(d) show the compressive strength and Young’s modulus
values of composite scaffolds and the calculated compressive strength of all scaffolds
were within the range for cancellous bone (2-12 MPa) [87]. Among them, the
composite scaffolds with 0.5% GO showed the highest compressive strength of 10.28
+ 1.08 MPa and Young’s modulus of 397.11 + 98.51 MPa. However, despite no
significant difference between the compressive toughness of 0% GO (384.82 + 66.81
kJ/ m®) and 1% GO (378.54 + 109.76 kJ/m?), the compressive strength and Young’s
modulus values rather decreased with the addition of 1% GO (from 8.94 + 1.24 t0 6.48
+ 1.61 MPa and 370.85 £ 46.6 to 275.97 £ 78.46 MPa, respectively). This might be

because relatively small and localized crosslinking in the printed filaments reduced the
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reinforcement effect due to limited bridging and branching with GO while interference
was increased by increased non-homogeneity. Indeed, above the optimal concentration
of GO, the mechanical properties of composite scaffolds have frequently shown a
decreasing trend in other studies due to the interference effect that prevents

homogeneity in the composite material [88].

Fig. 14(e—h) shows three-point flexural test results with the evaluation of mechanical
reliability using Weibull distribution. The estimation of mechanical reliability is critical
to analyze the mechanical properties of ceramic materials, which is particularly difficult
to predict fracture behaviors due to the scattered strength value [87]. To obtain an
unbiased estimate of the reliability, twenty specimens for each group of HA/gelatin/GO
scaffolds were fractured by applying uniaxial flexural stress. The measurements
revealed relatively good fits with linear correlation coefficients of 0.93 (0% and 0.5%
GO) and 0.95 (1% GO). In Fig. 14(g), the flexural strengths of all of the scaffolds were
in the range of cancellous bone (10—20 MPa), although the composite with 0% GO was
very near the lower limit (10.31 £ 1.84 MPa) [87]. However, the flexural strength of
the HA/gelatin/GO scaffolds significantly increased by 22% with 0.5% GO (12.58 +
2.47 MPa) and 20.3% with 1% GO (12.41 + 1.39 MPa) compared to 0% GO (10.31 £
1.84 MPa), which is comparable to cancellous bone. In addition, different from the
compression testing of the 3D-printed scaffolds, the flexural testing revealed an
increase rather than a decrease in the 1% GO sample compared to the control. When
flexural testing, tensile stress is dominant over compression stress, so intrinsically
tough graphene derivatives (tensile strength: 130 GPa) significantly prevent the crack

propagation caused by applying tensile stress [61].
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Figure 14. Compressive and flexural properties of 3D-printed HA/gelatin/GO

scaffolds. (a) Stress-strain curves, (b) the testing platform for the compressive testing,
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4. Conclusions

The work presented in this thesis focused on two different approaches to improve
the applicability and functionality of HA-based composite as printing material in order
to substitute conventional bone graft. Firstly, in chapter 2, biomimetic composite bone
scaffolds were successfully fabricated using extrusion-based bioprinting of gelatin
composites containing large weight fractions of HA (60, 70, and 80%) with the aim to
provide an adequate biomimetic environment for bone tissue regeneration, with
compositional and mechanical properties similar to those of the natural bone matrix.
The overall features of the bioprinted HA/gelatin composite scaffolds, including
rheological, morphological, physicochemical, mechanical, and biological properties,
were quantitatively assessed to identify the optimal conditions for both fabrication and
therapeutic  efficiency. The present results show that the bioprinted
bioceramic/hydrogel scaffolds possess excellent shape fidelity; mechanical strength
comparable to that of native bone; and enhanced bioactivity in terms of cell
proliferation, attachment, and osteogenic differentiation. These experimental findings
indicate a suitable alternative direction for the bioprinting-based fabrication of
bioceramic/hydrogel-based scaffolds for bone repair. Secondly, in chapter 3, GO-
reinforced HA/gelatin composite scaffolds were successfully fabricated by using an
extrusion-based 3D-printing technique. The overall features of the scaffolds including
physicochemical, rheological, morphological, and mechanical properties were
systematically evaluated. Moreover, the 3D-printing parameters were comprehensively
optimized via a printability assessment to fabricate composite scaffolds with precisely

controlled structures. The overall results indicate that the proper addition of GO can
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efficiently reinforce the mechanical properties of HA/gelatin composite scaffolds. In
particular, the compressive and flexural strength values of 3D-printed HA/gelatin
scaffolds with the addition of 0.5% GO were enhanced by 15% and 22%, respectively.
Moreover, the reinforcement effects of GO made the 3D-printed scaffolds compatible
with cancellous bone. The outcomes of this study demonstrate the great potential of
using GO to improve the mechanical properties of 3D-printed composite bone scaffolds

for various applications in bone tissue engineering.
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