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Abstract

Polyetheretherketone (PEEK) was widely applied into fabricating of orthopedic implants,
benefitting its excellent biocompatibility and similar mechanical properties to native bones.
However, the inertness of PEEK hinders its integration with the surrounding bone tissue. Here
PEEK scaffolds with a series of hydroxyapatite (HA) contents in gradient were manufactured via
fused filament fabrication (FFF) 3D printing techniques. The influence of the pore size, HA content
and printing direction on the mechanical properties of the PEEK/HA scaffolds was systematically
evaluated. By adjusting the pore size and HA contents, the elastic modulus of the PEEK/HA
scaffolds can be widely tuned in the range of 624.7-50.6 MPa, similar to the variation range of
natural cancellous bone. Meanwhile, the scaffolds exhibited higher Young’s modulus and lower
compressive strength along Z printing direction. The mapping relationship among geometric
parameters, HA content, printing direction and mechanical properties was established, which gave
more accurate predictions and controllability of the modulus and strength of scaffolds. The
PEEK/HA scaffolds with the micro-structured surface could promote cell attachment and
mineralization in vitro. Therefore, the FFF-printed PEEK/HA composites scaffolds can be a good
candidate for bone grafting and tissue engineering.

Keywords: Polyether-ether-ketone (PEEK); Scaffold; Composites; Fused filament fabrication
(FFF); Mechanical properties

1. Introduction

Porous scaffold has been widely used in tissue engineering to provide appropriate environment
and architecture for the regeneration of tissuel’-3l. Compared with conventional preparation
techniques of scaffold, 3D printing techniques exhibit attractive attention for constructing
controllable macro/microarchitecturest* %1, such as the porosity, the pore size, the pore shape and
the interconnected network®!. Thus, 3D printing techniques simplifies the fabrication process and
provides more effective manufacturing method for the porous scaffolds. To date, the 3D printing
metallic porous scaffold made from nickell”), cobalt-chromium!®l, titanium alloys!® 1% and stainless
steel™] have been widely developed and applied in medicine fields. But the mechanical properties
of the metallic scaffolds are quite different from those of natural bone, which lead to stress shielding
and prosthetic loosening in the long term.

In recent years, high molecular polymers such as polylactic acid[*> 131, polycaprolactone and
polyetheretherketone (PEEK) were widely used in the tissue engineering for their excellent
mechanical properties and biocompatibility. PEEK has been applied into fabricating porous scaffold
structures. Sul'®! et al. fabricated PEEK scaffolds by fused filament fabrication (FFF) process and
in vivo experiments demonstrated that the newly-regenerated soft tissues could grow into the
scaffold quickly. However, the soft tissue cannot adhere closely to the surface of the PEEK scaffolds
ascribing to the biological inertness. Ahn[¢l et al. fabricated PEEK scaffold by salt leaching method
and the animal experiment results showed that the pure PEEK exhibited lower osteogenesis ability
and interfacial strength. Thus, biological inertness and poor osteogenic capability restrict the clinical
application of PEEK. Numerous studies were conducted to enhance the bioactivity of PEEK via the
incorporation of additives such as hydroxyapatite (HA), calcium phosphate (TCP), bioglass (BGA).
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Zhaol'" et al. prepared HA/PEEK composite by mixing hydroxyapatite and PEEK, finding that the
composite promote osteoblastic cell adhesion and expression of bone-building protein. Rui Mal®!
et al. synthesized PEEK/CS composites, of which the hydrophilicity, alkaline phosphatase activity,
and the mineralized nodule formation of composite were dramatically improved. But the study in
3D printing PEEK-based composite porous scaffolds was rare because of the complicated
fabrication procedure.

In addition to the bioactivity, the mechanical properties of the scaffolds significantly affect the
load transmitting and tissue growth[*®-?2l, The micro-structure of the scaffolds such as pore
architecturel?® 241, pore sizel?® and porosity[?® 271, impacted the mechanical performances of the
scaffold greatly. Liang!?®] et al. fabricated square, hexagonal and wheel-shaped porous scaffolds by
3D printing, finding that the square scaffolds exhibited better mechanical strength and fatigue
properties. Melchels?’let al. fabricated PLA scaffolds and found that effective modulus of the
scaffolds with cube architecture was twice larger than those of gyroid architecture (324+39 MPa vs
169+21 MPa). Bagheri®% et al. controlled the Young’s modulus of the PLA scaffolds in the range
of 250-700 MPa by changing the width of the struts. Thus the mechanical properties of scaffold
could be controlled to a certain extent by changing the micro-architectures. However, the influences
of the printing direction and the material components on the mechanical properties of the PEEK-
based scaffold is still unclear.

In this study, PEEK/HA composites scaffolds with different pore size and HA content were
fabricated via FFF 3D printing technology. The surface microstructure, surface roughness and
internal architectures of PEEK/HA porous scaffolds were measured. The thermal analysis
measurements of the PEEK composites were carried out to evaluate the crystalline and thermal
behaviors. The influences of the micro-structure, HA content and printing direction on the
mechanical properties of the PEEK/HA scaffolds was systematically investigated. Meanwhile, high-
speed camera was used to record the compressive deformation process of the composite scaffolds
to analyze the deformation mechanism. Finally, Cell culture experiments were performed to
investigate the biocompatibility and mineralization in vitro.

2. Materials and methods

2.1 Fabrication of PEEK/HA composite scaffolds

The fabrication schematic of the scaffolds via FFF 3D printing process was shown as Figure 1.
PEEK (50 pm) and HA (15 pm) powder were mixed with mass ratio of 8:2 and 6:4. Then the mixing
composites was fed into a twin-screw extruder, from which they were extruded into filaments with
a diameter of 1.75 mm. Tetragonal scaffold samples (length, width and thickness of 10 mm) were
fabricated by based FFF process. The basic printing parameters were set as follows: nozzle
temperature of 420 °C, layer thickness of 0.2mm, bead width of 0.4 mm and printing speed of 30
mm/s.
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Figure 1. Schematic illustration of the 3D printing process and mechanical properties testing method:
(a) preparation of PEEK/HA composites and FFF printing (b) scaffold compressed along Z or X
printing direction.

2.2 Characteristics of the composite scaffolds

The structures of the composites scaffolds were measured using a micro computed tomography
(Micro-CT, Y.Cheetah, YXLON, Germany) and reconstructed by the software of VG Studio Max
3.0. The surface morphologies of the scaffolds were characterized via scanning electron microscopy
(SEM, su-8010, Hitachi, Japan) at an acceleration voltage of 5 kV after coated with a thin layer of
Au. PEEK/HA scaffolds were observed on a laser scanning confocal microscope (LSCM, OLS4000,
Olympus, Japan) to evaluate the surface roughness (Ra).

2.3 Thermal behaviors of the composites

Changes in chemical bonds was measured by Fourier Transform Infrared (FTIR, Nicolet iS10,
Thermo Fisher, U.S.A.) spectrometry. The thermal analysis measurements were carried out by
differential scanning calorimetry (DSC, DSC1, Mettler Toledo, CH). Samples were heated to 400 °C
at a heating rate of 10 °C/min. The samples were all cut from the core of the scaffolds for avoiding
any additional variation due to differences in surface and core crystalline structure. The crystallinity
of the composites could be calculated using the function expressed in Equation (1):

AHy—AH
= B px Woser (1)
Where X., AH,, and AH, refer to the crystallinity, melting enthalpy and crystal enthalpy of
PEEK-based composites, respectively. AH; is the enthalpy of fusion of a 100% crystalline PEEK
sample (130 J/g), Wpggk is the mass fraction of PEEK in the composites. Relationship between
mass and temperature was determined by thermal gravimetric analysis(TGA). PEEK/HA samples
were heated to 800 °C at a ramp rate of 10 °C/min by TGA (DSC3, Mettler Toledo, CH).

c

2.4 Mechanical testing

To assess the influence of HA content, pore size and printing direction on the mechanical
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properties of the composite scaffolds, PEEK/HA scaffolds were compressed parallel (X printing
direction) and perpendicular (Z printing direction) to the printing substrate direction (Figure.1-b) at
a compression speed of 3 mm/min. The fabricated PEEK based scaffolds were named as HA
content-compressive direction-pore size. For instance, 40%HA-Z-08 means that the HA content was
40 wt.% and the compressive direction was Z printing direction and a pore size of 0.8 mm. The
stress-strain curves were obtained from the load-displacement data to calculate the Young’s modulus
and the strength. Meanwhile, a high-speed camera was used to record the compressive responses of
the composite scaffolds to analyze the deformation mechanism.

2.5 Cell compatibility of 3D-printed PEEK/HA scaffolds

The scaffolds with a diameter of 14 mm were put into 24-well plates. Then, preosteoblast cells
(MC3T3-E1, ATCC, Manassas, VA, USA) were seeded onto the scaffolds at a density of 2x10* cells
per well and cultured in o -MEM (HyClone, USA). The MC3T3-EL1 cells were proliferated for 1, 3,
and 5 days, at which time incubated in the CCK-8 solution. The optical density was measured at A
= 450 nm using a microplate reader (RT-6000) to qualitatively evaluate the proliferation. The
scaffolds were taken into live/dead staining solution and observed by fluorescence microscope
(Olympus Co. Ltd.) to evaluate the cell viability. The cells were fixed with 4% paraformaldehyde
solution after 5 days culturing and the cell morphologies were observed using SEM. Alizarin Red S
(ARS) staining was used to visualize mineralization ability. MC3T3-E1 were cultured on the disc
with the diameter of 14mm at a density of 1x10° cells. After incubation with the specimens for 24
hours, the culture medium was changed to the osteogenic inductive medium for 21days induction.
The stained samples were immersed in DMSO to measure at A = 550 nm using a plate reader (RT-
6000).



152 3. Results

153 3.1 Micro-structure characteristics of the PEEK/HA scaffold

154
155  Figure 2. Micro-structure characteristics of the PEEK/HA scaffold samples: (a)Geometry

156  observation by Micro-CT (b) surface morphology by SEM and (c) three-dimensional topography
157 by LSCM. The left column, the middle column and right column represent the pure PEEK, 20%HA
158  and 40%HA scaffolds, respectively. The pore size of three scaffolds is 400um.

159 Micro-CT was employed to observe the interconnectivity of the scaffolds as shown in Figure
160  2-a. It could be seen that no obvious defect on the 3D and top views and the PEEK/HA composite
161  scaffolds exhibited a well interconnectivity. The Figure 2-b showed that the pure PEEK scaffolds
162  exhibited smooth surface, while numerous HA particles and a coarser morphology were observed
163  on the surface of PEEK/HA composites scaffolds. The LSCM results showed that a rougher
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morphology consisting of peaks and valleys for PEEK/HA composites scaffolds (Figure 2-c),
confirming the SEM findings. The pure PEEK scaffold featured a Ra of 0.154 + 0.05 um, while the
Ra of the 20%HA and 40%HA scaffolds increased to 0.2486 + 0.0216 and 2.6 + 0.318 um,
respectively. Porosity and pore size are positively correlated with the pore size ranging from 0.2 to
2.0 mm as shown in Tablel. When the small pore size (0.2~0.8 mm), the porosity of the PEEK/HA
scaffolds were higher than that of pure PEEK scaffolds under the same diameter, while the deviation
of porosity for the three scaffolds was reduced with the increase of pore size.
Table 1. The porosity of three scaffolds under the different pore size

pore size(mm) 0.2 0.4 0.8 1.2 1.6 2.0

Pure PEEK  47.3+1.20% 59.6+0.88% 72.2+0.79% 74.7+0.37% 77.4+0.35% 84.2+0.73%
20% HA 60.4+0.62% 68.7+1.40% 78.2+0.65% 79.8+0.47% 81.2+1.70% 85.9+1.15%
40% HA 60.9+1.10% 70.2+0.92% 78.4+1.49% 82.3+0.45% 83.7+1.15% 87.8+0.66%

3.2 Thermal behavior of composites
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Figure 3. (a) FTIR spectra, (b)DSC curves, (c) crystallinity results and (d)TGA curves of PEEK and
PEEK/HA composites.

Figure 3-a showed the FTIR pattern of the pure PEEK and PEEK/HA composites. For the pure
PEEK, the peak at 1650 cm* represented the C=0 carbonyl stretching vibration, and the peaks at
1598 cm* and 1501 cm* was contributed to the C=C benzene in-plane vibration. The characteristic
peaks of PEEK could also be detected in PEEK/HA composites. The peaks of PEEK/HA composites
at 1047 cmt and 570 cm™ are ascribed to the vibration of the PO,%, and the increase of HA content
resulted the enhancement of PO,* peak intensity. The DSC curves showed that a phase transition
around 170 °C during the heating process referred to glass transition temperature (T¢) of PEEK
(Figure 3b). A sharp endothermic peak around 345 °C corresponded to melting temperature (Tm) of
PEEK. The degree of crystallinity of PEEK/HA composites increased with the increase of HA
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content (Figure 3-c). When the HA content increased to 40 wt.%, the degree of crystallinity of the
composite reached 28.7%. The TGA results show that both PEEK and PEEK/HA composites
undergo initial degradation approximately 550 °C (Figure 3d). A sharp drop in mass was observed
when the temperature exceeded 560 °C. The initial decomposition temperature shifted to slightly
lower temperatures with the increase of the HA content. Meanwhile the residual mass of PEEK/HA
composites at 800 °Cincreased with the increase of HA content.

3.3 Mechanical tests

Figure 4-a and Figure 4-b showed the stress-strain curves of scaffolds under compressive
process. The stress-strain curves of the scaffolds could be divided into three stages: elastic, plateau
and densification, which was consistent with previous investigationst®!l, For the PEEK scaffolds
compressed along Z printing direction, smooth curves were observed at the plateau stage. However,
negligible stress fluctuations were observed at the plateau stage for the scaffolds compressed along
X printing direction.

The compressive modulus and the strength were shown as in the Figure 4-c and Figure 4-d.
The Young's modulus of the pure PEEK scaffolds compressed along the Z and X printing direction
decreased from 371MPato 102.9 MPa and from the 545.8MPa to 66.3MPa as the pore size increased
from 0.2 mm to 2 mm. Compressive strength along the Z compressive direction was higher than
that of scaffold along X direction for the scaffolds with the same pore size. The compressive strength
of scaffolds can be tuned in the range of 35.2 MPa to 2.2 MPa.

The compressive responses of the 3D-printed scaffolds were shown in Figure 4-e and Figure
4-f. When the scaffolds were compressed along the Z printing direction, the struts of square units
were horizontal to loading plate. The gap between layers of scaffolds gradually decreases and then
buckling deformation occurred. With the increase of the pore size, the strain corresponding the
beginning of the buckling deformation decreases. When the scaffolds were compressed along the X
printing direction, the buckling deformation and collapse occurred layer-by-layer, resulting the
crush bands (shown by the yellow dotted lines). The crush bands gradually accumulated and the
scaffolds were finally compressed into nearly compacted solids.
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Figure 4. The stress -strain curves of pure PEEK scaffolds compressed along Z (a) and X (b) printing
direction. The modulus (c) and strength (d) results of the pure PEEK scaffolds with different pore
sizes. The compressive responses of the pure PEEK composite scaffolds compressed along Z (e)
and X (f) printing direction.
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The mechanical properties of the composite scaffolds with 20 wt.% and 40 wt.% HA content
were evaluated. Taking composites scaffold with 40 wt.% HA content as an illustration, the stress-
strain curves of PEEK/HA composite scaffolds were shown in Figure 5-a and Figure 5-b. The
additive of HA particle reduced toughness of the scaffolds and the stress-strain curves of the
composite scaffolds showed a breakage stage instead of plateau and densification after the elastic
stage.

The compressive modulus and the strength were shown as in the Figure 5-c and Figure 5-d.
Compared with mechanical properties along the X printing direction, the composites scaffold
exhibits a higher Young's modulus and a lower compressive strength along the Z printing direction.
As the pore size increased from 0.2 mm to 2 mm, the value of Young's modulus along the Z and X
printing direction decreased from 374.7 MPa to 112.0 MPa and from 624.7 MPa to 124.2 MPa
respectively.

Figure5-e and Figure5-f showed the compressive responses of the PEEK/HA composite
scaffolds. The 40%HA-Z-02 and 40%HA-Z-04 scaffolds exhibited a brittle fracture as the strain
was > 30%. The larger pore size and porosity reduced the strain corresponding the beginning of
brittle fracture. The brittle fracture of 40%HA-Z-12, 40%HA-Z-16 and 40%HA-Z-20 occurred
when the strain reached 20%. As the scaffolds were compressed along X printing direction, the
struts of the scaffolds were collapsed layer by layer when pore size was <1.6 mm, complied with
crush bands accumulation and numerous brittle cracks. 40%HA-X-16 and 40%HA-X-20 scaffold
was crushed almost without any deformation when the strain was >10%.
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237
238  Figure 5. The stress-strain curves of PEEK/HA scaffolds with 40 wt.% HA compressed along Z (a)
239  and X (b) printing direction. The modulus (c) and strength (d) results of the scaffolds with different
240  pore sizes. The compressive responses of the PEEK/HA composite scaffolds compressed along Z
241 (e) and X (f) printing direction.
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Figure 6. showed the influence of the HA content and pore size on the mechanical properties
of the scaffolds. The relations between the increase in pore size and decrease in modulus and
strength can be intuitively understood by the response surface. Changes of HA content have different
effects on the modulus anisotropy of the scaffold. When scaffolds were compressed along Z printing
direction, no significant changes in modulus was found for the scaffolds with the same pore size,
while the modulus of scaffolds remarkably increased with the increase of HA content along the X
printing direction. The mathematic relationships between mechanical properties and parameter was
obtained by polynomial fitting:

E, = 483.7 — 337d + 0.313r + 84.41d? — 0.0187r2 + 0.0865dr (R? =0.9431) ( 2 )

o, = 42.5 — 37.2d — 0.32r + 9.8d? + 0.003r2 + 0.0936dr  (R%? =0.9712) (3)

E, = 644.7 — 676.7d + 1.05r + 198.8d% — 0.0214r% — 0.583dr (R? = 0.9712) (5)

0, = 34.5 — 42.6d + 0.064r + 13.38d? — 0.001r? + 0.0875dr  (R? = 0.8996) (5)
Where E, and o, are the Young’s modulus and strength compressed along Z printing direction.
The E, and o, are the Young’s modulus and strength compressed along X printing direction. d
is the pore size and r is the HA content.

(b)
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Figure 6. The modulus and strength varied with pore size and HA content: (a) modulus and (b)
strength compressed along Z printing direction, (¢) modulus and (d) strength compressed along X
printing direction.
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3.4 Cell compatibility of 3D-printed PEEK/HA scaffolds
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Figure 7. Proliferation, viability, morphology and mineralization of MC3T3-E1 on PEEK/HA
scaffolds. (a) Proliferation of MC3T3-Elcell cultured on the scaffolds. (b) viability of MC3T3-E1

cultured for 1, 3, 5 days on the scaffolds. The white bar represented 400 pm. (c) SEM results of

adhering MC3T3-Elcultured on the scaffolds for 5 days. The yellow bar represents 50 um, and the
white bar represents 20 pm. (d) quantitative analysis of the alizarin red staining. (e) alizarin red
staining of samples with different HA content.

The proliferation of MC3T3-E1 cells on the scaffolds was reflected by OD values as shown in
Figure7-a. The OD values of cells on the scaffolds exhibited a persistent increasing proliferation
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tendency from day 1 to day 7, indicating that both PEEK and PEEK/HA scaffolds exhibited good
cytocompatibility. There is no significant difference in the OD values between PEEK and PEEK/HA
under the same culture time. Figure7-b displayed that live cells were bright green and elongated
filopodia on the scaffolds. A higher number of cells were found on the scaffold with the increase of
culture time. Figure7-c showed the morphology of MC3T3-E1 cells on the scaffolds after 5 days of
culture and a morphology with an expanded polygonal shape was observed. It could observed that
cells on scaffolds with 40 wt.% HA content showed more filopodia than that of cells on pure PEEK
scaffold. The mineralization ability of cells was visualized after 21 days of induction as shown in
Figure7-d and Figure7-e. Limited calcium nodule was observed on the pure PEEK sample, while
obvious calcium deposition was formed on the PEEK/HA scaffolds. The OD values were enhanced
with the increase of HA content.

4. Discussion

PEEK, as a polymeric material, was widely used in orthopedic clinics owning to its good
biocompatibility and satisfactory mechanical properties. But the biological inertness of PEEK
limited its applications for bone repairing. In this study, to enhance the bioactivity and
osseointegration ability of PEEK, PEEK/HA composites was prepared by incorporating HA
particles into PEEK and the PEEK/HA scaffolds were manufactured via FFF-3D printing technology.
Afterwards, the Micro-structure characteristics, thermal behavior, mechanical properties and the
biological compatibility of the scaffolds were systematic evaluated.

The printed scaffolds exhibited interconnected structure and the HA content reached up to 40
wt. %. The SEM results for the scaffolds surfaces indicated that the HA particles were not
completely embedded in the PEEK matrix but evenly distributed on the surfaces of the composites.
The surface roughness and morphology play a critical role in the cell responses for tissue
engineering material®a, Hanf®®! et al. fabricated the PEEK and PEEK/CF composites samples and
found that special printing structures caused by FFF-3D printing process exhibited higher cell
densities than the samples being polished and sandblasted process. In this study, the LSCM results
showed that the Ra of composite scaffolds with 40 wt. % HA increased to 2.6 £ 0.318 um. Although
PEEK/HA scaffolds had no significant effect on cell proliferation (Figure7-a), more filopodia of
cells on PEEK/HA scaffolds indicate that addition of HA particles and micro-structured surface
could promote cell attachment and spread, which approved by previous study®4. The thermal
properties of the PEEK scaffold material were measured. For the PEEK/HA composites, because
HA particles provided heterogeneous crystallization nucleation points and reducing the nucleation
barrier of PEEK in the crystallization process, the degree of crystallinity of composites increased
with the increase of HA content. Previous studies®> %! had demonstrated that the crystallinity of
PEEK could be adjusted by controlling the ambient temperature of FFF 3D printing process.
Meanwhile, the increase of crystallinity would reduce the breaking elongation and toughness.

The appropriate mechanical performance could remain the geometric characteristics of the
porous scaffold and provide a stress stimulation for the ingrowth of the bone tissue under
physiological loading conditions?8l. Meanwhile, the mechanical anisotropy of the porous structure
fabricated by 3D printing process directly determines the applications site and stress transmission
in vivo. However, there was no systematic studies on the mechanical properties and the anisotropy
of the FFF printed PEEK/HA scaffolds reported. Results showed that the increase of pore size could
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reduce the compressive modulus attributed to the increase of the porosity[*?. When the pore size
increased to 2.0 mm, the modulus and the strength of the scaffolds dropped below 120 MPa and 9
MPa, respectively. The scaffolds compressed along Z printing direction exhibited higher
compressive strength and lower modulus compared with those of the scaffolds compressed along X
printing direction. The different loading state of the micro-rods inside the scaffolds was the main
reason to the differences of mechanical properties. For the scaffolds compressed along X printing
direction, the micro-rods are horizontal to the loading direction and directly bear the compressive
loading until bucking deformation. For the scaffolds compressed along Z printing direction, the
micro-rods are perpendicular to the loading direction and the interlayer gaps provides space for the
bending deformation of the micro-rod, which leads to a lower modulus compared to that of X
printing direction. Meanwhile, the higher effective bearing area along Z printing direction
contributed to a better compressive strength. The compressive response of pure PEEK scaffolds was
mainly plastic deformation, indicating its excellent ductility. The cracks and brittle fractures in the
compressive response of PEEK/HA composites demonstrated that the addition of HA particles can
significantly reduce the toughness. When the HA content range from 0 to 40 wt. %, the crystallinity
increased from 19.8% to 28.7%. The increase of crystallinity and poor interfacial strength between
the PEEK matrix and HA particles finally caused toughness decrease of the PEEK/HA composites!®>
37, 38]

The 3D surface representation of the mechanical properties changing with pore size and HA
content was investigated and the mathematical relationship among mechanical properties, geometric
structure and material components was further established by polynomial fitting. With the porosity
of scaffold decreased from about 55% to 85% (Table 1), the Young’s modulus and the strength
decreased gradually ranging from 624.7-50.6 MPa and 35.2-2.2 MPa, respectively. The adjustable
range of the strength and modulus similar to the variation range of the natural trabecular bone
(strength: 2-17 MPa, modulus: 344-3230 MPa) [3% 401, However, the scaffolds exhibited higher
Young’s modulus and lower compressive strength along Z printing direction. Meanwhile, the
addition of HA particle led the decrease of the toughness. In clinical application, the appropriate
porosity, printing direction and HA content of the scaffolds should be selected and designed
according to the actual biomechanical environment for mechanical stability. The developed
mapping relationship could be used in adjusting the mechanical properties of the porous structure
to match the properties of the surrounding native bone. The printed scaffolds could be used in low-
load-bearing sites to enhance the integration with surrounding bone tissues. The mechanical bionics
of the scaffolds would be realized by balancing the mechanical mismatch between the PEEK-based
implant with natural bone.

Furthermore, the proliferation, attachment and mineralization ability of MC3T3-E1 cells on
the printed scaffolds were fully examined to study the cytocompatibility of the scaffolds. In this
study, a pore size of 400 um was chosen for the scaffold, which has been reported in the literature
to be associated with excellent bone ingrowth, vascularization and permeability“ 42, The CCK-8
assay results indicated that both the pure PEEK and PEEK/HA scaffolds showed good
cytocompatibility and the addition of HA particles had no significant effect on the proliferation the
MC3T3-E1 cells. However, Deng et al.*¥1 and Swaminathan et al.*4l reported that PEEK/HA
composites with nanoscale HA particles had a significantly positive influence on cells proliferation.
The difference of cells proliferation could be explained that bigger superficial area and nanoscale
roughness caused by nanoscale HA particles may exhibit better bioactivity. The obvious spreading
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of cells on the struts of scaffolds demonstrated that both pure PEEK and PEEK/HA scaffolds
provided a suitable biological microenvironment for cell adhesion> 431 Specially, the cells on
PEEK/HA scaffolds with 40 wt. % HA content showed more filopodia than that of the cells on pure
PEEK scaffolds, demonstrating the better cell adhesion on the PEEK/HA composites. The results
of alizarin red staining showed that the addition of HA can significantly increase the mineralization
ability of cells on PEEK/HA scaffolds surface, similar to previous studies!*® 471, But the excessive
HA content would reduce the strength and toughness, thus the HA content should be selected to
balance the bioactivity and mechanical properties of PEEK/HA scaffolds.

Some limitations of this work must also be recognized. Only the mechanical behaviors of
scaffolds with tetragonal structures were evaluated, more bionic architectures, such as dodecahedron,
spiral structure, need to be addressed and evaluated for more thorough investigation in the future.
Additionally, the mechanical behaviors of the scaffolds were studied under static loading condition.
However, the fatigue behaviors of the 3D-printed scaffolds should also be evaluated. Cell
experiments in vitro was employed to assess the biocompatibility of the scaffolds, but the results
cannot fully represent the growth situation of native bone tissue in vivo. Therefore, tests under
realistic physiological environments such as the animal experiments should be carried out in the
future.

5. Conclusion

In this study, the 3D-printed PEEK/HA composites scaffolds with various lever of HA content
and pore sizes were fabricated using FFF 3D printing technology. The effects of the pore size,
compressive direction and HA content on the mechanical properties were systematically evaluated.
The Young’s modulus and strength of the PEEK/HA scaffolds could be widely tuned in the range of
624.7-50.6MPa and 35.2-2.2 MPa respectively by increasing the pore size from 0.2 mm to 2.0 mm.
The participant of HA was found to significantly enhance the modulus along X printing direction,
while the modulus of scaffolds along Z printing direction has no obvious change. The mapping
relationship among geometric parameters, HA content and mechanical properties was established,
giving more accurate predictions and controllability for the mechanical properties of the scaffolds.
The PEEK/HA composites with the micro-structured surface could significantly promote cell
attachment and mineralization. Presented study will have a clear impact in the design and
mechanical properties control of the PEEK/HA 3D-printed scaffolds for bone tissue engineering.
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printing direction.
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Figure 2. (a) structural characteristics, (b) surface morphology and (c) three-dimensional topography
of the scaffolds with pure PEEK, 20 wt.% HA and 40 wt.% HA content.



(a) PEEK (b) :
10%HA VYV A PEEK N
8| 20%HA )\Vm\f"/“mﬂwwu 3 | 10%HA : Tn
gt — W " k: : :
S| 30%HA M \/V“’\n/v = | 20%HA . ‘
i i ' =
S | 40%HA 30%HA i '
=1 ! ]
40%HA i |
; O 0Ly e ol i P ; : ¥
3000 2500 2000 1500 1000 500 100 150 200 250 300 350
Wavenumber(cm™") Temperture(°C)
100 [ e i
C | d T \ ——PEEK
© (d) — = ==,
. ——20% HA
A 30% HA
| e 4 40% HA
%80 - i 100 E
] } [
= | :
04 1E%°
| % :
60} ! i
T |
N 460 480 500 520 540 560 580 |
L sy Temperture/C_____ _1
50 1 1 1 1 1
= 200 400 600 800
PEEK  10%HA 20%HA 30%HA 40% HA 0 Temperture/°C
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PEEK/HA composites.
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Fig 7. Proliferation, viability, morphology and mineralization of MC3T3-E1 on PEEK/HA scaffolds.
(a) Proliferation of MC3T3-E1cell cultured on the scaffolds. (b) viability of MC3T3-EL1 cultured for

1, 3, 5 days on the scaffolds. The white bar represented 400 pym. (c¢) SEM results of adhering

MC3T3-Elcultured on the scaffolds for 5 days. The yellow bar represents 50 pm, and the white bar

represents 20 um. (d) quantitative analysis of the alizarin red staining. (e) alizarin red staining of

samples with different HA content.



Table 1. The porosity of the scaffolds with different pore size and HA content

Scaffold/pore
. 0.2 0.4
size(mm)

0.8 1.2 1.6 2.0

Pure PEEK  47.3+1.20% 59.6+0.88%
20% HA 60.4+0.62% 68.7+£1.40%
40% HA 60.9+1.10% 70.2+0.92%

72.2£0.79% 74.7£0.37% 77.4+0.35% 84.2+0.73%
78.2+0.65%  79.8+0.47% 81.2+1.70% 85.9+1.15%
78.4+1.49% 82.3+0.45% 83.7+1.15% 87.8+0.66%
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