Journal of

"Tissues and Materials

Physical Evaluation of 3D-Printed Gelatin-hydroxyapatite-reduced Graphene
Oxide Nanocomposite as a Bone Tissue Engineering Scaffold

Hassan Nosrati®*, Rasoul Sarraf-Mamoory®-!, Dang Quang Svend Le®?,
Maria Canillas Perez®, Cody Eric Biinger®-2

!Department of Materials Engineering, Tarbiat Modares University, Tehran, Iran.
2Department of Clinical Medicine, Aarhus University, Denmark.
3Instituto de Ceramica y Vidrio, CSIC, Madrid, Spain.

* Correspondence to: Sarraf-Mamoory R. (E-mail: rsarrafm@modares.ac.ir)
* Correspondence to: Bilinger C.E. (E-mail: codybung@rm.dk)

Abstract

Introduction: Hydroxyapatite (HA) and graphene have recently been added to gelatin as reinforcing phases
(individually or together). These materials increase the mechanical and biological properties of gelatin and
extend gelatin applications as tissue engineering scaffolds.

Objective: In this study, the physical properties of these scaffolds were evaluated using scanning electron
microscopy by detail.

Material and Methods: A hydrogel 3D-printing method and freeze drying were used in this study. The analysis
performed in the sample includes X-ray diffraction, Scanning Electron Microscope, and bending.

Result: The findings of this study showed that the addition of graphene and HA to gelatin changed the rheology,
reduced the size of pores, and increased the accuracy of the designed pores. The addition of HA and graphene
also increased the bending strength and changed the shape of the resulting cracks.

Conclusion: The findings of this study will be useful for the design of tissue engineering scaffolds.

Keyword: Hydroxyapatite; Graphene; Scaffold; Gelatin; 3D-Printing
Received: 3 January 2020, Accepted:3 March 2020
DOI: 10.22034/jtm.2020.218433.1024

This work is licensed under a Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License.


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:rsarrafm@modares.ac.ir

1.  Introduction

Graphene with the honeycomb structure, the
thickness of a carbon atom, and excellent mechanical
properties have received much attention in recent
years [1-4]. Graphene is a member of the carbon
nanomaterials (carbon nanotubes, graphene, and
nanodiamond) family, but its high specific surface
area has made graphene sheets highly reinforcing [5].
Therefore, graphene has been extensively
investigated in nanocomposite applications. Due to
the biocompatibility of graphene, it has found wide
applications in the medical field, including drug
delivery, orthopedics, and bioimaging [6-9]. It has
been used as a reinforcing phase in addition to HA.
HA-graphene nanocomposites have the potential to
be used in orthopedics as bone replacement implants.
HA is very similar to the bone mineral and is less
soluble in biological environments than other calcium
phosphates. HA has a hexagonal crystalline structure
and its unique biological properties make it one of the
most widely used bioseramics [10-13]. Addition of
graphene can improve the mechanical weakness of
HA somewhat. A variety of methods have been used
for the synthesis of ceramics, such as sol-gel and
hydrothermal [14-17]. Like other ceramics, HA is
synthesized in a variety of ways, including
combustion preparation [18], solid-state reaction [19],
electrochemical deposition [20], sol-gel [21, 22],
hydrolysis [23], precipitation [24, 25], sputtering
[26], multiple emulsion [27], biomimetic deposition
[28], solvothermal method [29], and hydrothermal
process [30]. Among these methods, hydrothermal
process is more important than other methods due to
its high control, high crystallinity, and variability in
morphology. The use of hydrothermal method is also
suitable for the synthesis of graphene-HA hybrid
powders as it does not require calcination. Also, since
the hydrothermal process is an in situ method, the
quality of the hybrid powder is better than the
mechanical blending methods [31-34].

HA and graphene have recently been added to gelatin
as reinforcing phases (individually or together). These
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materials increase the mechanical and biological
properties of gelatin and extend gelatin applications
as tissue engineering scaffolds. In particular, with the
advent of advanced technologies such as 3D-printing,
gelatin applications have increased dramatically.
Gelatin has excellent printability and because the
resulting gel is well blended with graphene-HA
powders, it is possible to fabricate complex shapes
using 3D-printing with gel containing HA and
graphene sheets. In one published study, gelatin-
graphene-HA nanocomposites were fabricated by 3D-
printing method. The HA-graphene powders used as
reinforcing phase were synthesized using the
hydrogen gas injected hydrothermal process. Some
evaluations of powders and scaffolds have already
been published [35]. In this study, the physical
properties of these scaffolds were evaluated using
scanning electron microscopy by detail.

2. Experimental

The gels used for 3D-printing were prepared
according to Table 1. The method of preparing these
gels has already been published [35]. Figure 1 shows
the gels used for 3D-printing, 3D-printing set up, and
freeze dried scaffolds. Pure gelatin, gelatin-HA,
gelatin-HA-rGO scaffolds were fabricated by a
hydrogel 3D-printing system connected to a 3D robot.
The hydrogels were put in an oven (65 °C) and stirred
for 12 h. The working bed temperature was -10 °C and
the heating barrel fixed to the 3D-printer was set to
40°C. A 200 um needle tip moving at a speed of 30
mm st was used to extrude the hydrogels. The
solution blend was laid by varying the air pressures.
The printed scaffolds subsequently were put in a
freeze dryer (- 60 °C) for 72 h [35]. The scaffolds were
printed in 3 cm x 3 cm dimensions and circled using
a punch.

The characterization methods and softwares used in
this study with the specifications are listed in Table 2.
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Figure 1: (a) the gels used for 3D-printing, (b) 3D-printing set up, (s) printed and freeze dried scaffold

Table 1: 3D-printed scaffolds specification

Scaffold Gelatin/7 cm® Water rGO HA
Pure Gelatin 3gr 0 0
Gelatin-HA 2.79r 0 0.3 gr

Gelatin-HA-rGO 2.7¢gr 0.0045 gr 0.2955 gr
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Figure 2: (a) FESEM image of graphene-HA powders, (b) XRD pattern of graphene-HA powders

Table 2: The characterization methods used in this study

Analysis Method Instrument Specification
XRD X’ Pert Pro, Panalytical Co.
FESEM Hitachi S4700
Diamond 3.2 (version)
Origin pro 2016




3. Results and discussion

Figure 2 shows the FESEM image and the XRD
pattern of graphene-HA powders. As can be seen in
the FESEM image, the powders contain HA and
graphene. Graphene sheets are interconnected and
form a three-dimensional structure. But the XRD
pattern of these powders is consistent with the pure
HA pattern and the graphene peaks are covered by the
HA peaks. The main growth planes of HA crystals
consist of (002), (211), and (300). The HA used in this
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study are nano-rods grown in the direction of (002)
planes (c axis) [36-38].

Figure 3 shows the FESEM images of pure gelatin
scaffold, gelatin molecule structure, and pure gelatin
scaffold photo. The pores in these scaffolds are
spherical. The pores are less than 30 micrometer in
size. These porosities have created a three-

dimensional structure with closed porosities. There
are two types of porosity in these scaffolds. One is
300 micrometer designed porosity and the other is a
30 micrometer small porosity [35].

Figure 3: (a, b) FESEM images of pure gelatin scaffold, (c) gelatin molecule structure, (d) pure gelatin scaffold photo
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Figure 4 shows the photo and FESEM images of
gelatin-HA scaffold. The presence of HA particles
causes the pores to stretch and the pores are not
spherical. On the scaffolds, there are bubbles of 200
micrometers in diameter that are formed by the
attachment of smaller pores. HA particles enhance the
accuracy of the designed pores. The HA particles are
likely to influence the rheology of the gels, and with
the stability of all 3D-printer factors, the scaffold
structure's accuracy is improved [35].

Schematic 1 shows the Interaction between HA and
gelatin schematically. (002) planes have a negative
charge and (300) planes have a positive charge in HA
crystals. Gelatin molecules bind to these crystals and
alter the rheology of the gel (The stronger this
connection, the better the mechanical properties of the
scaffold).

Figure 5 shows the photo and FESEM images of
gelatin-HA-rGO scaffold. The pores in this scaffold
are much smaller than in the previous samples (The
pores are spherical). Also, the accuracy of the design
pores is better than the previous ones. In this sample,
the presence of graphene sheets has again altered the
gel rheology, resulting in spherical porosities, and the
presence of graphene sheets has reduced the size of
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these pores. Reducing the size of these porosities
increases the accuracy of the designed porosities [35].
Schematic 2 shows the Interaction between HA, rGO,
and gelatin. The remaining agents on the graphene
surface bind to the gelatin molecules, while the
interface between HA and graphene is coherent. Thus,
a three-way interconnection occurs between the three
phases. These joints have increased mechanical
properties.

Figure 6 shows the crack analysis caused by bending
of scaffolds. As a result of the bending of the
scaffolds, the cracks created in the gelatin-HA
scaffold grow in a way that the resulting cracks are
smaller than the cracks created in the pure gelatin
scaffold and are moved to the corner of the scaffold.
These changes in the shape of the cracks are also
noticeable in the case of the gelatin-HA-rGO scaffold,
which the crack is smaller and more inclined toward
the corner than other scaffolds. These findings
indicate that the presence of graphene and HA
increased the bending resistance of the scaffolds. The
findings of this study, along with other published
researches, will be useful in the development of tissue
engineering [40-45].

Function

Schematic 2: Interaction between HA, rGO, and gelatin
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Figure 6: Crack analysis caused by bending of scaffolds -
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4. Conclusion

The findings of this study showed that the addition of
graphene and HA to gelatin changed the rheology,
reduced the size of pores, and increased the accuracy
of the designed pores. The addition of HA and
graphene also increased the bending strength and
changed the shape of the resulting cracks. The
findings of this study will be useful for the design of
tissue engineering scaffolds.
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