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ARTICLE INFO ABSTRACT

Keywords: The composite coating can effectively inhibit bacterial proliferation and promote the expression of bone-building
Polymeric composites genes in-vitro. Therefore, a novel production was used to produce poly-ether-ether-ketone, and reduced gra-
;EEOK phene oxide (PEEK-rGO) scaffolds with ratios of 1-3%, combining a different lattice for a bone implant. An

inexpensive method was developed to prepare the new coatings on the PEEK scaffold with reduced graphene
oxide (rGO). Mechanical testing, data analysis and cell culture tests for in-vitro biocompatibility scaffold char-
acterisation for the PEEK composite were conducted. Novel computation microanalysis of four-dimensional (4D)
printing of microstructure of PEEK-rGO concerning the grain size and three dimensional (3D) morphology was
influenced by furrow segmentation of grains cell growth on the composite, which was reduced from an average
of 216-155 grains and increased to 253 grains on the last day. The proposed spherical nanoparticles cell grew
with time after dispersed PEEK nanoparticles in calcium hydroxyapatite (cHAp) grains. Also, the mechanical tests
were carried out to validate the strength of the new composites and compare them to that of a natural bone. The
established 3D-printed PEEK composite scaffolds significantly exhibited the potential of bone implants for bio-

Fused deposition modelling (FDM)
Cell growth
Biomimetic bone

mimetic heterogeneous bone repair.

1. Introduction

Fused deposition modelling (FDM) builds a prototype by applying
extruded polymer on a table when moving vertically. The polymer feeds
in a heated wire in fillets of a semi-liquid or pasty state [1-3]. The
movement of the table causes the layer of the piece to be formed, ar-
ranging the nets in parallel. Its support is constructed and removed with
object construction. A wide range of materials is currently available to
develop prototypes in this process. Polyaryletherketones (PAEK) are a
group of high-temperature thermoplastic polymers [4-6]. The most
widely used polymer is poly-ether-ether-ketone (PEEK), which is often
used as a biomedical material in bone grafts.

When the oxygen content of graphene oxide (GO) is reduced by
chemical, thermal, or other methods to a lower level, the material is
known as reduced graphene oxide (rGO). On the other hand, graphite
oxide (GO) is a material formed by oxidising graphite, which results in
increased interlayer spacing and functionalisation of the graphite basal
planes. Even though graphene is generated by physically exfoliating

graphite, its derivatives, such as graphene oxide (GO), a highly reactive
form of graphene, and reduced graphene oxide (rGO), produced by
chemical or thermal reduction of GO, have distinct characteristics
[7-10]. Because of the great biocompatibility of graphene derivatives,
they may be used in various biological applications. rGO has been
widely utilised to make composites with a range of materials, including
metals and metal oxides, to improve supercapacitor performance in
various ways, including increasing their capacity. Because graphene and
its derivatives have been shown to stimulate cellular adhesion, prolif-
eration, and migration, they have the potential to be used as scaffold
materials in tissue engineering applications such as tissue engineering
scaffolds. The structural faults of rGO, in contrast to the structural de-
ficiencies in GO, allow it to interact more readily with biomolecules,
cells, and polymers. Changing the C/O ratio in a controlled way can also
be used to control the electrical conductivity and hydrophilicity of rGO,
which are important for controlling many biological processes[11-14].

Therefore, a convenient, fast and inexpensive method to prepare
universal coatings on PEEK substrates can be developed. In particular,
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Fig. 1. Lattice design of slipt and face centre cubic-octahedron (FCCO)/octet-truss on the femur bone, as an implant and the corresponding 4 x 4 x 4 mm with the
homogenisation of the unit cell of PEEK for biomedical scaffolds tissue engineering generation.

Table 1
Composite compositions in a volume of PEEK-rGO of different densities at
1310 kg/m> of PEEK density.

PEEK rGO Young Poisson Density (p) ~ Modulus of
(wt%) (Wt%) modulus (E) ratio (8) kg/m3 rigidity (G)
GPa (Gpa)
99.0 1.0 13.8115 0.2256 1316.45 5.6348
98.0 2.0 23.773 0.2013 1322.9 9.8945
97.0 3.0 33.7345 0.1917 1329.4 14.154

reduced graphene oxide (rGO) is continuously modified on PEEK sub-
strates after rGO coating. The composite coating can effectively inhibit
bacterial proliferation and promote the expression of bone-building
genes in-vitro of poly (ether ether ketone)-reduced graphene oxide
(PEEK-rGO) has good bone-building and antibacterial properties
[15-17]. FDM three dimensional (3D) printing can provide PEEK-rGO
doped compounds with mechanical and biopotential properties suit-
able for biomedical applications.

Mechanical testing, data analysis, and cell culture tests for in-vitro
biocompatibility of scaffold characterisation are important studies
required to characterise composite scaffolds [18-20]. Novel computa-
tion microanalysis of four-dimensional (4D) printing of scaffold and
tailoring the mechanical strength and cell growth of the PEEK-rGO ratio
to mimic that of a natural bone of a 3D-printed scaffold are similarly
required. Different samples of PEEK composites can be produced to test
their properties [21-23]. Pure PEEK can be used as a control in the
experiments. The research gaps and novelty are well explained and later
illustrated in Fig. 1, which shows a production technique based on the
nanostructures porosity analysis that yielded a biomimetic PEEK-rGO
composite with an additional control configuration distribution. Pre-
cisely, the major contribution of this study is the production of a scaffold
with PEEK-rGO with ratios of 1-3%, combining a different lattice with

PEEK and rGO for the bone-implant, as subsequently elucidated.

2. Materials and methods

Medical-grade PEEK filament diameter of 1.75 mm was purchased
from VICTREX Corporation, Thornton Cleveleys, UK and Nanjing WeiDa
Co. Ltd., Nanjing, China for FDM. Porous PEEK scaffold samples were 3D
printed as described in [24-26]. It was prepared via the wet and
chemical precipitation method for the coated PEEK scaffold. The sus-
pension was initially stirred in the solution at 400 RPM for 60 min at
60 °C. According to a previous studies [21,27,28]. Besides providing the
physical bio-models directly from the biomaterials with high conformity
to the virtual bio-models, the scaffolds equipment (3D printer) was
constructed with the most varied geometrical dimensions. The study was
conducted in the training laboratories at De Montfort University, UK,
with industrial support. Scaffold samples were used for surface charac-
terisation, antibacterial tests and in-vitro studies on tissue culture plates.
In contrast, PEEK samples were applied for in-vitro drug release and
in-vivo animal evaluation [29-31]. First, the PEEK sample was washed
three times with acetone and alcohol in an ultrasonic bath for 15 min
and rinsed in distilled water, then named nature PEEK. Qingdao Freyr
Graphite Company, China supplied the rGO used in this research. Oxi-
dising graphite with permanganate potassium (KMnOj), sulfuric acid
(H2S04) and nitric acid (HNOg) usually depends on the Hummers pro-
cess. Fig. 1. shows the different production of bone-implant, triply pe-
riodic minimal surface (TPMS) lattice structures in FDM 3D printer and
3D-printed polylactic acid (PLA) and PEEK scaffolds of the structure
design of slitp and octet-truss before and after adding composite to
mimic bone structures, with 50 p to show life representation and di-
mensions of the scaffolds.
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Fig. 3. SEM structures of: (a) PEEK-rGO culture scaffold, (b) PEEK and (c&d) rGO.
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Fig. 4. Production of bone-implant of slipt and octet-truss TPMS lattice struc-
tures in FDM 3D printer to mimic bone structures.

Table 2
Statistics of overall grains - Binarised image after segmentation result of the
nanoparticle (Hills detection).

Samples information 24h Third day Seventh-day

Number of grains 216 155 253

Total area occupied by 2829 (74.5%) 4112 (81.7%) 4015 (76.1%)
the grains (mm?)

Density of grains 0.0569 0.0308 0.0479
(grains/mm?)

Grain parameters Mean Std Mean Std Mean Std

dev dev dev

Area (um?) 13.10 16.30 26.50 46.50 15.90 20.20

Perimeter (um) 16.70 9.70 22.90 19.10 18.60 13.00

Equivalent diameter 3.64 1.86 4.70 3.41 3.87 2.29
(um)

Mean diameter (um) 3.55 1.82 4.55 3.33 3.74 2.21

Min diameter (um) 2.18 1.33 2.81 2.14 2.26 1.48

Max diameter (um) 5.48 2.79 7.21 5.44 6.15 3.86

Min diameter angle -9.12 53.90 -29.40  50.10 -18.60  51.40
(deg.)

Max diameter angle -23.30  48.90 -5.94 53.30 -0.32 53.50
(deg.)

Form factor 0.517 0.124 0.494 0.157 0.496 0.142

Aspect ratio 2.78 1.24 3.16 2.70 3.01 1.54

Roundness 0.460 0.118 0.459 0.158 0.430 0.135

Compactness 0.673 0.087 0.666 0.122 0.647 0.104

Orientation (deg.) 78.1 50.2 95.5 54.7 92.2 51.9
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Therefore, the modulus of elasticity [E] values for the PEEK, of
3.85GPa, and assuming rGO has 1000 GPa as of a common monolayer of
graphene oxide. The most commonly used poison ratio (9) for PEEK is
0.4, from which rGO poison ratio was derived. The density (p) of PEEK is
1310 kg/m?, p and p of rGO is 1955 kg/m®. The modulus of rigidity or
shear modulus (G) of PEEK, and rGO were 1.375, and 427.350 GPa,
respectively, according to Eq. (4) [11,12,33].

E
G=
20— @
( E ) 1000GP @
doo =1 =55 =15 7356p ~ OV

From Eq. (2), using 99 wt% of PEEK, and 1 wt% of rGO give the
expression:

E. = 3.85GPa x0.99 + 1000GPax0.01 = 13.8115GPa

G, = 1.375GPa x 0.99 + 427.35GP x 0.0] = 5.6348

2.1. Biocompactivity cell test

The updated Hummers system for natural graphite rGO dispersion
was used with HpSO4 and KMnOy as oxidising agents. The substance was
washed with hydrochloric acid (HCl) of 5% and then deionised water
(diH20). The implication was exfoliated by 60 min of ultra-sonification,
and finally, the rGO scattering was achieved. The rGO-composites were
used to obtain epoxy mixtures with an equal epoxy ratio of 70:30 in
different percentages by volume of rGO: 0%, 1%, 3% and 5% for 10 min
at 25 °C, the composites were mixed, and four different samples were
put in an oven at 40 °C [32-34]. The models were retained in the oven
for 3.5 h at 40 °C to eliminate the surface moisture.

The rGO reaction with epoxy was completed after 48 h at a room
temperature of 25 °C. Table 1 displays the rGO and contents. For in-vitro
bioactivity investigations, square scaffolds of 20 x 10 x 5 mm, weighing
around 0.60 g, were built vertically and soaked in 25 mL of simulated
body fluid (SBF) in glass containers held at 35 °C. About five specimens
were tested for each component. SBF was refreshed every day. Ion
concentrations in the SBF solution were similar to those in human blood
plasma. The specimens were removed from the solution, washed with
distilled water, and air-dried after soaking in SBF for 2 or 7 days.

3. Mechanical testing

As previously illustrated in Fig. 1, porosity between 60% and 80%
varied among octet-truss and slipt structures with a pore size of 1.0 mm.
The pores of the external structure were N1000 um when the elastic
modulus was constant to prevent occlusion of the pores. The interior
pores were decrescent to facilitate cell attachment development. Me-
chanical properties of host bone tissue can be well suited to the same
elastic module of different models by regulating the inner and outer strut
diameters [35-38]. The pores of the octet-truss system were more sig-
nificant than the slipt structure porosity. First, the octet-truss structure
was chosen, depending on the required range of external pores. The
mathematical porosity model and the elastic modulus were used to
calculate the corresponding structure porosity according to the need for
an elastic modulus value. Finally, in conjunction with the geometrical
model of the structure, the corresponding structure calculated geometric
parameters and porosity. When the two outer strut parameters were not
fit, the outer strut of both structures was determined by that of an inner
strut. The octet-truss/FCCO structure was finally generated with a
constant elastic modulus. The method used in this innovative study is
called homogenisation, which extracts macro-mechanical behaviours
from micro-mechanical properties. Fig. 2 depicts the screenshot of the
experiments, showing the outcome and result when the compressive test
was carried out on different TPMS scaffolds. The general idea was that
the micro-mechanical properties were averaged over a chosen
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Fig. 5. PEEK-rGO culture scaffold without (a-d), SEM individual element maps, including carbon, oxygen, tin and chlorine of 77%, 21.1%, 0.7% and 0.3%,
respectively and (e) composite and the related percentage of the elements extracted from EDS spectrum.

representative volume element. The smallest constituent volume sample
of material still represented the whole material. Homogenisation is
commonly used with composite materials, but with voids and defects in
materials, such as steels. It is essential to know the relationship between
micro-mechanical and macro-mechanical properties in all materials.

4. Results and discussion
4.1. Microstructural analysis

Porosity and more effective space forms are another great attraction
of these technologies that use particle agglutination to produce scaf-
folds. The material that makes up the mineral matrix of bones was ob-
tained in powder. The particles did not clump together due to the
additive manufacturing (AM) laser beam; the use of the chemical re-
actions of binder polymer was necessary. Fig. 3 depicts the scanning
electron microscope (SEM) structure of the PEEK-rGO culture scaffold
with nutrient agar solution (NAS). The microstructure of PEEK, rGO and
polymeric binders were awkward to remove either by calcination or
solubilisation, particularly in structures with micrometric dimensions
that provided resistance to mass transport and thus to the entry and exit
of cleaning agents. In-vitro studies in simulated body fluid were carried
out to analyse the bioactivity of the composites created. Surface alter-
ations were investigated using SEM (Fig. 3). SEM images of all com-
posites indicated a developed layer with flower-like structures and
various morphologies, showing an rGO layer and the investigation of the
energy dispersive spectroscopy (EDS). As the number of bioglass
increased, the surfaces became increasingly porous with lengthy fis-
sures, suggesting a parallel degradation of the formerly smooth surface.
Pores and developed fractures were believed to contribute to rGO for-
mation by increasing the rate of ion exchange reactions across the
scaffold’s mass, which is important for rGO development and the higher
bioglass percentage.

4.2. X-ray diffraction

The scaffold used in the InVesalius 3 prototypes is often

biocompatible. It can be used to prepare metal-nylon biocomposites,
utilising stainless steel in the powdered form. The X-ray diffraction
patterns of the raw powder and composite scaffolds are shown in Fig. 4;
the raw PEEK patterns and rGO-resembled those in another research[1,
16,21]. There were only two phases: the PEEK phase and the phase-in
powder sintered with AM containing pores diameter of 1000 pm.
Fig. 4(a)-(c) are representations of the volume of luminance island of
different PEEK-rGO, the continuous wavelet decomposition extract from
various percentages nanoparticles, and the analysis of the grain of the
binarised microstructure with thresholding of 30% of HAp, respectively.
The volumes of the luminance island of different PEEK- were 113, 115,
and 217 at a threshold of 112 GL. They meant height surface ratios of
151, 120 and 81.8 GL/mm? during the analysis of three days [38-42].
The island means volumes for the three specimens were 107, 532 and
416 GL.mm? at a specific decomposition setting of Wavelet Daubechies
in ISO 4287 standard (Table 2).

From Fig. 5, the deduced results were as follows: 3D view of square
method results with the surface level. Average power spectrum density
(PSD) of the dominant spatial frequency of the nanoparticles of PEEK
and frequency spectrum of PEEK-HAp particle luminance were obtained
at — 33.7, — 48.9 and — 40.8 frequencies. The 3D parameters converted
to luminance parameters with ASME B46.1 for maximum height (St) and
maximum peak height (Sp) were obtained as 228, 71.9 and 255 GL
alongside 156, 29.9 and 170 GL, respectively, according to Fig. 5. The
root-mean-square height (Sq) and arithmetic mean height (Sa) were
29.9 and 19.8 GL for the 24 h, 51.9 and 38.5 GL for the third day and
49.2 and 39.3 GL for the seventh day, respectively. The corresponding
skewness, Kurtosis and area waviness heights at the Gaussian filter
rating of 0.80 mm were 2.36, 10.50 and 219 GL for the 24 h measure-
ments, 1.56, 4.89 and 253 GL for the third day, 0.776 3.220 and 251 GL
for the seventh day, respectively. From Fig. 5, using the one corner area-
scale method, the number of points was 40 at the smooth-rough cross-
over (SRC) threshold and a maximum domain scale of 14.5 and
375 mm? for the 24 h, 15.1 and 538 mm? for the third day and 14.3 and
538 mm? for the seventh day. Using the enclosing boxes method in
actual units with a fractal dimension of 2.66, 2.47 and 2.55 yielded a
corresponding slope and R? equation to — 2.66 and 0.996 for the 24 h,
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Fig. 6. Live/dead staining of cells attached to FDM 3D-printed PEEK composite sample surfaces after culturing with DMEM, showing 50 um: (a-b) PEEK for 24 h, (c-
d) PEEK-rGO for 24 h, (e-f) PEEK-rGO with growing live-cell and (f) more cell activity in the third day in PEEK. NAS, showing 50 um: (g) PEEK cell seventh day, (h-i)
PEEK-rGO seventh day, (j) PEEK cell spreading more in 14th day and (k-1) PEEK-rGO in 14th day.

— 2.47 0.998 for the third day and — 2.55 and 0.997 for the seventh day.
Fig. 5 shows the results of the PEEK-HAp with the Gaussian filter at a
roughness amplitude of 0.80 mm for; (a) the texture direction of the
converted luminance analysis of the PEEK nanoparticle, (b) scatter plot
of the Sq height parameter of the nanoparticle in ISO25178 standard of
PEEK-HAp and (c) failure analysis of the microstructure.

Fig. 6 shows the dynamics of the change of the scaffold with time
after applying energy to the form of particle. It shows the computation
4D view of the five structures after the growth of the scaffold cell. The
profiling of the scaffold in Fig. 6 indicates that the composite tested with
NAS on the first day has the optimum surface profiling due to the slight
change with time, but it shows a bit of cell growth.

4.3. In-vitro cytotoxicity results

Fig. 6 depicts the live/dead staining of cells attached to FDM 3D-
printed PEEK composite sample surfaces after culturing with Dulbec-
co’s modified eagle medium (DMEM), showing 50 pm: (a-b) PEEK for
24 h, (c-d) PEEK-rGO for 24 h, (e-f) PEEK-rGO with growing live-cell
and (f) more cell activity in the third day in PEEK. Moreover, the
Live/dead staining of cells attached to FDM 3D-printed PEEK composite
sample surfaces after culturing with NAS showed 50 um: (a) PEEK for
24 h, (b) PEEK-rGO for 24 h, (c) PEEK-rGO with growing live-cell, (d)
more cell activity in the third day in PEEK, (e) PEEK-rGO in the third
day, (f) cell growing more on PEEK-rGO, (g) PEEK cell spreading with

tiny dead cell in the seventh day, (h-i) PEEK-rGO cell growing and
spreading with small dead cell in the seventh day, (j) PEEK cell
spreading more in 14th day and (k-1) PEEK-rGO with a dead cell in 14th
day.

As biomedical/bone tissue engineering requires, the composite
scaffolds can be suitable alternatives for biomimetic heterogeneous
artificial bone repair. It showed that with the increment of the porosity,
the difference between the theoretical porosity and the calculated re-
sults via CAD modelling also increased, but the error was 5%. This result
significantly implied that the established porosity calculation model
could effectively predict the porosity size of the structure. It can be
observed that the 2 wt% composite was the optimum scaffold to be
considered.

5. Conclusions

The excellent mechanical properties and high aspect rate of rGO
have attracted great potential. The effects of rGO on the PEEK
composite-epoxy matrix have been analysed in this study. The following
significant concluding remarks can be deduced from the investigation:

e PEEK-rGO composite scaffolds with interconnected pore lattices
were possibly 3D-printed through AM technology.

e The major novelty included the scaffold production of PEEK-rGO
with ratios of 1-3% for an implant, combining a different lattice
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with PEEK and rGO for a bone implant. The optimum or best com-
posite ratio and excellent mechanical strength were obtained at 3 wt
% of rGO.

The composite tensile strength, stiffness and Young’s modulus
increased compared with the pure epoxy matrix with 1 and 2 wt% of
rGO. Their tensile strengths decreased when the percentage of the
polymer increased. 3D printing of novel bioactive scaffolds of PEEK
incorporating rGO can enable the fabrication of custom-made shaped
scaffolds.

Possibility of effective mechanical testing, data analysis and cell
culture tests for in-vitro biocompatibility scaffold characterisation
for the PEEK composites.

Novel computation microanalysis of 4D printing of microstructure of
PEEK-rGO concerning the grain size and 3D morphology was influ-
enced by furrow segmentation of grains cell growth on the com-
posite, which was reduced from an average of 216-155 grains and
increased to 253 grains on the last day.
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