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Fractures affect millions of individuals worldwide, particularly those with osteoporosis, and often require
rigid fixation for proper healing. Although traditional metal bone plates are effective, they are limited by
their stiffness and inability to conform precisely to anatomical structures, leading to complications such
as stress shielding and delayed healing. In this study, we utilized computer-aided design (CAD) combined
with reverse engineering to develop a 3D bone plate scaffold model that perfectly matches the contours
of the rabbit femur. Additionally, we employed fused deposition modeling (FDM) 3D printing to fabricate
a customized polyetheretherketone (PEEK) bone plate scaffold based on the model, designed to match
individual bone structures and reduce rigidity-related issues. To enhance the bioactivity of the PEEK
scaffold surface, we applied plasma spraying technology to coat it with bioactive materials, including
nanohydroxyapatite (HA), tantalum (Ta), and titanium (Ti). The results showed that the HA coating
contained 48.06% calcium (Ca) and 16.47% phosphorus (P) and the Ti coating contained 82.32% Ti. In
vitro studies showed that the bioactive scaffold effectively promoted the proliferation and differentiation
of osteogenic mesenchymal stem cells, with a cell survival rate greater than 93.86%. Moreover, in vivo
results from the rabbit femoral defect model showed that the bioactive scaffolds significantly accelerated
bone tissue healing, with HA-coated PEEK scaffolds exhibiting exceptional bone regeneration potential.
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1. Introduction

Fractures represent a common bone tissue injury with a global
incidence of about 445 million," and are prone to occur in
people with osteoporosis or low bone density, such as children
and the elderly. With the rapid development of the global aging
population, the incidence of new fractures has increased by
33.4% worldwide. Adults also suffer from fractures due to
accidents such as car accidents and falls. Among all the parts
where fractures occur, the incidence of fractures at the farthest
ends of the limbs is the highest, such as the thigh and calf.>*
Fractures seriously affect the quality of life of patients and may
cause disability, loss of independence, or even death, with the
disability rate caused by fractures reaching 25.8 million per
year.™*
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significant promise for personalized precision medicine.

Bone tissue has a strong regenerative ability, but most frac-
ture sites require rigid fixation, especially load-bearing sites
such as the limbs. Clinically, bone plates are an excellent choice
for fixing fracture sites, connecting the fracture ends to promote
bone healing. However, traditional steel plates cannot perfectly
match the physiological bone structure due to limited size and
shape. During the operation, surgeons have to bend and adjust
them, resulting in extended operation time, and slightly mis-
matched shapes may cause a delay in healing and increase the
risk of complications.® Therefore, developing a design strategy
for bone plate holders customized according to anatomical
shapes and fracture types is crucial in the development of
implantable medical devices.

Traditional metal implants made of standard materials such
as titanium or stainless steel have too high stiffness relative to
bone tissue, which may cause excessive conformity of the bone
plate after implantation while providing stability to the fracture
site.*” Excessive concentrated stress distribution can lead to
implant wear, bone resorption caused by stress shielding, and
even hinder the formation of callus to delay healing.® Relatively
low bone implant materials have attracted widespread attention
in the design of fixed implants.® Polyetheretherketone (PEEK) is
one of the important engineering plastics with wear resistance
and corrosion resistance.'”™ Due to its excellent
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biocompatibility and elastic modulus close to that of cortical
bone, about 3-4 GPa, PEEK is widely used in orthopedic
implants and prostheses.’” In addition, the plasticity of PEEK
material allows it to be prepared into any morphology that
conforms to the bone structure through various additive
manufacturing methods.*

Fused deposition modeling (FDM) is an extrusion three-
dimensional (3D) printing technology that is widely used in
the development of medical devices with specific structures due
to its simple operation and cost-effectiveness.’* FDM can melt
and extrude PEEK to stack layers and accurately print PEEK
implants with different morphologies and structures according
to product design.”® Hyung-Jin Chung et al. prepared a PEEK
locking compression version that matched the mechanical
properties of the fracture site through an FDM 3D printer." In
this study, we selected PEEK material and FDM 3D printing
technology to realize the customized bone plate design strategy.
Notably, osseointegration is beneficial to the growth of bones
around orthopedic implants.”” However, the hydrophobicity
and chemical inertness of PEEK materials and the smooth
surface of PEEK implants limit its performance in osseointe-
gration, while the composition and morphology of the implant
surface greatly affect osseointegration.'®* We coated the surface
of PEEK bone plate scaffolds with bioactive materials including
nano-hydroxyapatite (HA), tantalum (Ta), and titanium (Ti) by
plasma spraying technology to prepare bioactive PEEK bone
plate scaffolds.*>**

Given the limitations of traditional plates, we developed
a bone plate scaffold that is precisely customized according to the
personal bone structure. We used New Zealand rabbits as
research subjects and scanned them by computed tomography
(CT) to collect femoral data. Next, we designed and constructed
a 3D model of the bone plate bracket that perfectly fits the
femoral contour through the reverse engineering software Geo-
magic Studio 12 (64 bit, Raindrop Geomagic, Inc., USA) and UG
NX 10.0 software (Unigraphics NX). Then, we tested the stress
distribution of the 3D model of the bone plate scaffold by finite
element analysis and the results showed that the 3D model fully
met the mechanical performance requirements of a bone plate,
and prepared a bioactive PEEK bone plate scaffold based on the
3D model.** To evaluate the osteogenic properties of the
bioactive bone plate scaffolds in vivo, we constructed the rabbit
bone perforation defect model and implanted the scaffolds. CT
results and histochemical staining results showed that the
bioactive bone plate scaffolds accelerated bone regeneration and
generated mature bone bridging the defect site. Moreover, the
HA-PEEK bone plate showed outstanding bone tissue healing
due to its excellent bioactivity and osteoinductivity. This study
proposed a comprehensive strategy for customized bone plate
scaffolds for fractures and is expected to be further developed for
more complex bone structures and sites.

2. Materials and methods
2.1 Materials

PEEK was purchased from Yimai Intelligent Co., Ltd in Dong-
guan, China. Ta was purchased from Hunan Print Medical
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Instrument Co., Ltd. Ti was purchased from Zunyi Boyu Tita-
nium Material Co., Ltd. HA was purchased from Nanjing Epre
Nanomaterials Co., Ltd. o-MEM medium (12571063), fetal
bovine serum (FBS, Gibco, 12664025) and penicillin-strepto-
mycin (Gibco, 15140122) were purchased from Thermo Fisher
Scientific China Co., Ltd. Alizarin red S staining solution
(G1038-100ML) was purchased from Wuhan Servicebio Tech-
nology CO., Ltd. TRAP/ALP stain (294-67001) was purchased
from Wako Pure Chemical Industries, Ltd. Cell Counting Kit-8
(CCK-8, BA00208) was purchased from Beijing Bioson Biotech-
nology Co., Ltd.

2.2 Three-dimensional design of bone plate scaffold

2.2.1 CT data acquisition and processing. All animal
procedures used in this study were specifically approved by the
Animal Ethics and Use Committee of Gansu Agricultural
University, and animal welfare requirements were met. A male
New Zealand white rabbit (4 kg, 12 months old) was used for
femur data collection. The rabbit was healthy and housed in
a 25 °C breeding room with a 12 hours light-dark cycle. The
rabbit was anesthetized by injection of 30 mg of Sutent 50. The
rabbit was scanned from the acetabulum to the distal femur by
CT (OMATOM Definition Flash, dual-source 128-slice) in the
supine position. The scanning parameters were set as scanning
current 95 mA, scanning voltage 120 kV, scanning image slice
thickness 0.6 mm, 512 x 512 pixels, and scanning frame tilt 0°.
Then, the rabbit femur data were processed by Mimics Research
21.0.

2.2.2 Surface editing of a rabbit femur model. To obtain
a more suitable femoral anatomical shape, we performed
surface editing on the rabbit femur model using Geomagic
Studio 12. The rabbit slice model file was converted into a solid
file for finite element simulation. The processing in Geomagic
Studio 12 is shown in Fig. 1.

2.2.3 Design and assembly of plate scaffolds and screws.
To design a suitable implantable bone plate bracket, we
designed the entity file of the rabbit femur model through UG
NX 10.0. The curve of the femoral surface was extracted and the
bone plate maintained the overall curved shape consistent with
the direction of the femur, as shown in Fig. 2. The part where
the bone plate fits the bone was also designed as a curved
surface.

In order to ensure the appropriate stiffness of the internal
fixation system, we designed the basic model of hole type
difference and screws based on this method through UG (Fig. 2
and 3).

The designed splint model, femoral model and screw model
were assembled. After the splint was adjusted to the appropriate
position of the femur, the size of the model was adjusted until it
reached the optimal state.

2.2.4 Finite element analysis. To simulate the stress
distribution of the bone plate bracket under a certain pressure,
the femoral splint we designed was subjected to finite element
analysis through ANSYS Workbench 18.0 (Swanson Analysis
Systems, Inc, USA). The model was imported from UG NX into
ANSYS Workbench with a ten-node tetrahedral mesh and cell
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Fig. 1 Surface treatment process of rabbit femur model.

Fig. 2 Design of the graft plate scaffold model.
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Fig. 3 Design of the splice screw model.

size of 0.2 mm. The material properties (elastic modulus (E) and
Poisson's ratio (u)) were set to E = 4 GPa, u = 0.3. To simulate
the use of an actual femoral bone plate, the bottom boundary
condition was set to be completely fixed and a force of 1.5 times
the body weight of a test rabbit (50 N) was loaded on the top.*

2.3 Preparation of 3D printed bone plate scaffolds

We used PEEK to prepare 3D printed bone plate scaffolds. PEEK
is different from ordinary 3D printing polymer materials, which
require higher printing conditions due to the high melting
point. Table 1 shows the material properties of PEEK.

The PEEK plate scaffold was prepared by an FDM 3D printer
(Dongguan Yimai Intelligent Technology Co., Ltd. High
Temperature 3D Printer Series MAGIC-HT-L). Table 2 shows the
3D printing parameters. The nozzle temperature was set to 450 °©
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Table1 Physical and chemical properties of PEEK used for 3D printed
bone plate scaffolds

Performances Unit Rating
Densities gem ™ 1.29
Tensile strength MPa 100
Bending strength MPa 170
Bending modulus MPa 4200
Melting point °C 334

C, which was higher than the melting point of PEEK to facilitate
extrusion speed and layer sedimentation. To reduce thermal
shrinkage, the hotbed temperature was set to 150 °C, close to
the glass transition temperature of PEEK. To support thermal
shrinkage and molding layers, the cavity temperature was set to
90 °C. The size of the PEEK plate scaffold is 310 x 310 x 480

mm3.

2.4 Preparation and characterization of bioactive bone plate
scaffold

To enhance the bioactivity of the surface of the scaffolds, we
plasma sprayed the PEEK bone plates. First, we sandblasted the
PEEK plate to enhance the adhesion of the coating. The surface
of the plate was roughened by high-speed spraying of brown
corundum at a pressure of 0.4 MPa. Three different materials
(metal tantalum powder, nano-hydroxyapatite, and metal tita-
nium powder) were made into bioactive coatings separately
through a plasma spray system (CL WI-091, GTV, Germany). The
study has reported that plasma surface treatment will not cause

Table 2 3D printing parameters of PEEK bone plate scaffolds

Process parameters Unit Set value
Printing temperature °C 380
Material box temperature °C 60
Chamber temperature °C 120

Hot bed temperature °C 100
Printing speed mm s 45
Filling degree % 100
Filling pattern — Tetrahedron
Wall thickness mm 0.4
Layer thickness mm 0.2

Line width mm 0.2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Parameters of active coatings prepared by atmospheric
plasma spraying

Parameters Unit Ta Ti HA
Nitrogen (Ar) slpm 45 45 45
Hydrogen (H,) slpm 10 8 4.5
Carrier gas L min ' 4 3 3
Powder feeding rate g min~" 10 10 15
Spraying distance mm 200 200 140
Gun movement mm s ' 1000 1000 1000
speed

Power kw 40 40 30

significant changes in the crystallinity and properties of PEEK
materials.” Before plasma spraying, metal tantalum powder,
nanohydroxyapatite and metal titanium powder were placed in
a 90 °C oven for 24 h. The initial powders are shown in Fig. S1.
The specific spraying parameters are shown in Table 3. During
the coating process, we carefully controlled the process
temperature to prevent any thermal degradation or warping of
the PEEK material. The temperature was monitored and
maintained at a level that would not adversely affect the
mechanical properties of the PEEK substrate. To make better
use of the bioactive coating, we limited the spraying area to the
fracture in the middle of the bone plate. At the same time, we
designed the porous structures to facilitate the adhesion and
proliferation of osteoblasts.

The surface elements of Ta-coated, HA-coated, and titanium-
coated bone plate scaffolds (Ta-PEEK, HA-PEEK and Ti-PEEK)
were detected by X-ray diffractometer (Ultima IV, Rigaku
Corporation, Japan). Then, the microscopic morphology of the
scaffolds was observed by scanning electron microscopy (SEM,
XL-30E, Philips Photonics, The Netherlands).

The mechanical properties of PEEK bone plates were tested
by three-point bending test.** PEEK bone plates were prepared
according to the above method and tested by universal testing
machine according to the requirements of GB/T9341-2000. The
center line of the sample was pressed at a speed of 5 mm min "
at 25 °C. The maximum bending force and elastic modulus of
the sample were recorded.

2.5 Cytocompatibility evaluation of bioactive bone plate
scaffolds

The cytotoxicity of bioactive bone plate scaffolds to rBMSC was
tested by CCK-8 assay. -MEM medium was added with 10%
FBS and 1% penicillin-streptomycin to prepare a complete
medium for the culture of rBMSCs. rBMSC were first inoculated
in 96 well plates at a density of 5000 cells per well and were
cultured in a CO, incubator 24 h. Ta-PEEK, HA-PEEK and Ti-
PEEK scaffolds were sterilized and immersed in the complete
culture medium at a ratio of 0.1 ¢ mL™". The extracts of the
scaffolds were obtained after 24 h of incubation. Subsequently,
the original medium was aspirated and replaced with the
extracts of different groups. After incubation for a specific time
(24 h, days 2 and 3), cells were washed with PBS. 100 pL of fresh
medium (containing 10% CCK-8) was added to each well and
the cells were incubated in the incubator. The absorbance of the

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

cells was detected at 450 nm by a microplate reader. The relative
proliferation rate (RPR%) of the cells was calculated by the
formula (1).

PRP (%) = (41 — Ap)/(An — Ap) x 100% (1)

where A; was the absorbance of the experimental group, A, was
the absorbance of the blank group, and 4, was the absorbance
of the negative control.

2.6 Osteogenesis evaluation of bioactive bone plate scaffolds
in vitro

To evaluate the osteogenic efficacy of the scaffolds, we co-
cultured the extracts of bioactive bone plate scaffolds with
rBMSCs and observed the mineralized nodules of rBMSCs. The
extracts of PEEK, Ta-PEEK, HA-PEEK and Ti-PEEK were
prepared as described above. rBMSCs were added to 24 well
plates at 30000 cells per well and cultured for 24 h in an
incubator (5% CO,, 37 °C). The cells were washed and the
extracts of different groups (control, PEEK, Ta-PEEK, HA-PEEK
and Ti-PEEK) were added to the wells for co-culture. The
extracts were changed every 1-2 days until 14 days. The cells
were fixed for 15 min with 1% paraformaldehyde solution.
Then, the cells were washed and stained with Alizarin Red S
solution. After 10-15 min, the cells were washed and observed
under a microscope (Mingmei, MF50). In addition, the expres-
sion of ALP of rBMSCs was also observed. rBMSCs were fixed
with pre-cooled 1% paraformaldehyde solution after 14 days of
culture. Then, the cells were washed and ethanol/acetone (50 :
50 v/v) permeabilization solution was added. rBMSCs were
placed in a —20 °C refrigerator for 1 min and then washed. ALP
staining solution was added to rBMSCs and incubated for 15-
60 min. After washing, the stained rBMSCs were observed.
ImageJ-win64 software was used to measure the average gray
value (IntDen/Area) of ALP staining and alizarin red staining.

2.7 Osteogenesis evaluation of bioactive bone plate scaffolds
in vivo

New Zealand rabbits, 3 months-old female rabbits weighing
2.20-2.80 kg, were used for bone defect modeling. All New Zea-
land rabbits were provided by the Experimental Animal Center of
Southern Medical University and were adaptively raised for 1
week before surgery. The temperature of the breeding room was
25 °C and the lighting was 12 hours of light-dark alternation. All
experimental operations and surgical procedures were performed
by the same experimental research team.

The experimental rabbits were fixed by a rabbit fixator and
anesthetized by intraperitoneal injection of 10% chloral hydrate.
At the same time, to prevent death caused by overdose of anes-
thesia, the vital signs of the rabbits were closely observed for
changes in corneal reflex, breathing and chest rise and fall, and
respiratory movement. When anesthesia took effect, the rabbits
were fixed on the operating table with a bandage and the rabbits’
applanation to the buttocks were shaved with a razor and depil-
atory cream. After disinfection, the distal limbs were wrapped
with a sterile elastic bandage. The anterolateral surgical route

RSC Adv, 2025, 15, 5060-5072 | 5063
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Fig. 4 Bone plate scaffold implantation surgery.

was selected and the skin and subcutaneous fascia of the line
connecting the greater trochanter to the patella were incised.
Next, the associated muscles of the femur were stripped to expose
the lateral femoral metaphysis of the rabbits. A bone trephine
was used to vertically drill a hole in the lateral metaphysis of the
rabbit femur to create a bone perforation defect with a diameter
of 7 mm and a depth of 10 mm. Each group of materials (control,
PEEK, Ta-PEEK and HA-PEEK) were implanted into the corre-
sponding defect area (Fig. 4). Then, the muscles, subcutaneous
tissues and skin were sutured sequentially with 3-0 PGA
absorbable sutures. The rabbits’ wounds were disinfected with
iodine and the rabbits were housed in single cages. The wound
healing and eating habits of the rabbits were closely observed.
Fresh whole blood of rabbits was collected through the ear
vein at 4, 8, and 12 weeks after surgery. Fresh whole blood was
centrifuged (3500 rpm) for 15 min to obtain serum. Serum
calcium and ALP levels were measured by blood biochemical
analyzer. In addition, rabbits were sacrificed at 4, 8, and 12
weeks by air injection through the ear vein. The skin of the
rabbits was incised along the original surgical incision and the
muscles were peeled off layer by layer. The bone tissue of the
defect area was removed and fixed by paraformaldehyde solu-
tion. The removed femoral tissue was subjected to X-ray exam-
ination. The detection conditions were voltage 45 kV, current
100 mA, exposure time 20 ms, and projection distance 10 cm.
The new bone tissue areas (proximal, distal, and middle) of the
rabbits were observed and the spatial bone pixel value was
measured using a TOSHIBA DRX 3724HD digital imaging
system. Furthermore, the bone tissue was subjected to hema-
toxylin-eosin (H&E) and Masson staining. The fixed tissue
samples were placed in EDTA decalcification solution for
decalcification. The decalcification solution was changed every
3 days until the bone tissue could be pierced by a fine needle.
The decalcified bone tissue samples were paraffin-embedded
and sectioned. The paraffin sections were stained with H&E
stain and Masson stain, respectively. The stained sections were
observed by microscope and the new bone formation rate was
quantitatively counted using Image-Pro-Plus software.

2.8 Statistical analysis

All experiments were performed with a sample size of more than
three and all experimental results are expressed as mean =+
standard deviation. All quantitative and statistical results were
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analyzed by one-way analysis of variance. P values less than 0.05
were considered statistically significant (*p < 0.05).

3. Results and discussion
3.1 Finite element analysis of bone plate scaffold model

Traditional bone grafts are mainly produced by casting or
subtractive manufacturing, which lacks the consideration of
individual bone differentiation. One of the advantages of 3D
printing is that it can be used to personalize the implant pros-
thesis according to the bone data of an individual. Therefore, we
scanned the rabbit femur through CT and used Mimics software
to perform the 3D reconstruction (Fig. 5). Then, we used Geo-
magic Studio12 software to fill the holes on the surface of the 3D
model, smooth it and accurately curve it. After editing and
optimizing the surface of the 3D model, we obtained the ideal
surface model (Fig. 6). Based on this, we designed a matching
bone plate scaffold model and screw model (Fig. 7).

We performed finite element analysis on the designed 3D
bone plate scaffold model to observe the stress distribution of
the implant. The stress distribution images (Fig. 8) showed that
the ends and edges of the plate exhibit higher numerical

Fig. 5 (A) The structure of the rabbit's lower limbs was obtained by
threshold segmentation. (B) The unilateral segment of the rabbit was
obtained by region growth.
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Fig. 6 Surface editing and optimization of 3D models. (A) Deletion of
redundant pixels and filling of holes, (B) denoising and smoothing, and
(C) accurate surface.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Assembly of plate scaffold model and screw model.
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Fig. 8 Stress distribution of bone plate scaffold in finite element
analysis.

responses. The stress distribution and concentration of the
bone plate scaffold were mainly reflected in the ends and edges
of the plate, which was consistent with the characteristics of
stress distribution of the material when subjected to external
force. And the maximum stress response of the femoral plate
was 0.6 MPa, which was far away from the bending strength
point of the PEEK material. This indicated that the PEEK bone
plate scaffold prepared by this 3D model could meet the
mechanical performance requirements when applied.

We examined the mechanical properties of the PEEK bone
plate scaffold. In the three-point bending test, the four PEEK
bone plate scaffold samples (PEEK 1, PEEK 2, PEEK 3, and PEEK
4) showed similar stress-strain curves (Fig. S21). The maximum
bending strength of the PEEK bone plate scaffold was 104.51 £+
0.31 MPa, and it began to show obvious plastic deformation
after reaching the maximum stress at a strain of about 0.5%. At
a strain of 2.5%, the stress of all samples tended to stabilize.
The bending modulus of the PEEK bone plate scaffold was
5795.1 + 704.5 MPa. The results showed that all samples
showed good bending strength and plastic deformation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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capacity similar to other studies of PEEK bone plate scaffolds
and were suitable for use in load-bearing applications.””

3.2 Micromorphology and crystal structure of bioactive bone
plate scaffold

We prepared PEEK bone plate scaffolds according to the
designed 3D bone plate model through FDM 3D printing tech-
nology. Furthermore, we used plasma spraying technology to
apply bioactive coatings on the surface of PEEK bone plate
scaffolds, including HA, Ta and Ti, to prepare HA-PEEK, Ta-
PEEK and Ti-PEEK bioactive bone plate scaffolds. We used the
fixture to limit the spraying area to the fracture area in the
middle of the bone plate and added the porous structure to
facilitate the adhesion and proliferation of osteoblasts (Fig. 9).>*

Next, we further observed the microscopic morphology of the
surface of PEEK bone plate scaffolds with different coatings by
SEM. The SEM results showed that the surface of the 3D printed
PEEK bone plate scaffold was smooth and flat regardless of the
low or high magnification images, which was due to the suitable
high-temperature printing process (Fig. 10). The surface of the
bioactive bone plate scaffold showed uniformly dispersed spray
powder and no obvious cracks, indicating the integrity of the
coating. However, although the surface of the plasma sprayed
bone plate scaffold was smoother in the low magnification
image, the microscopic morphology with higher magnification
showed the deposition of metal or ceramic powder particles of
different shapes. These irregular particle depositions formed
pore structures of different sizes and shapes. The surfaces of
HA-PEEK and Ti-PEEK bone plate scaffolds showed stacked
hydroxyapatite spherical particles and titanium spherical
particles, which were similar to the surfaces of other plasma

Ta-PEEK HA-PEEK

Ti-PEEK

Fig.9 Appearance and partial enlarged pictures of HA-PEEK, Ta-PEEK
and Ti-PEEK plate scaffolds.
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Ta-PEEK

Fig. 10 The SEM images of PEEK, HA-PEEK, Ta-PEEK and Ti-PEEK bone plate scaffold.

sprayed coatings.* The surface of Ta-PEEK bone plate scaffold
showed the irregular fluid states. These morphological differ-
ences are related to the melting points and properties of
different materials. The rough coating microstructure and
porous structure brought by plasma spraying technology are
conducive to mimicking the complex structure of natural bone
tissue.*® Shao Jie et al. reported that a porous silica scaffold with
arough surface structure effectively promoted the adhesion and
proliferation of bone marrow mesenchymal stem cells.**

>

Ta-PEEK HA-PEEK

Ti-PEEK

Fig. 11
PEEK bone plate scaffold.
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Furthermore, we observed the element distribution on the
surface of the bioactive bone plate scaffold. The HA-PEEK bone
plate scaffold (Fig. 11A) showed a large amount of calcium (Ca)
and phosphorus (P). The element ratio results (Fig. 11B and
Table 3) showed that the HA-coating contained 31.10% oxygen
(0O), 48.06% calcium (Ca) and 16.47% phosphorus (P). The Ta-
coating showed a large amount of tantalum and the element
distribution was not uniform. However, the results of the
element map (Fig. 11C and Table 3) showed that the mass ratio
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(A) The EDS images of HA-PEEK, Ta-PEEK and Ti-PEEK bone plate scaffold. The EDS diagram of the (B) HA-PEEK, (C) Ta-PEEK and (D) Ti-
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Table 4 Percentage of HA-coating, Ta-coating and Ti-coating elements tested by EDX

Group C (Wt%) O (Wt%) N (Wt%) Ca (Wt%) P (wt%) Ta (Wt%) Ti (Wt%)
HA-PEEK 4.37 31.10 — 48.06 16.47% — —
Ta-PEEK 6.68 9.76 — — — 83.56 —
Ti-PEEK 2.00 12.67 3.01 — — — 82.32

of Ta element reached 83.56%. Therefore, we inferred that the
high melting point of Ta led to the uneven landing of the
molten powder particles during the spraying process. The
surface of the Ti-PEEK bone plate scaffold showed a lot of Ti
elements with a content of 82.32% (Fig. 11D and Table 4). The
relevant elements on the surface of the HA-PEEK and Ti-PEEK
bone plate scaffolds were evenly distributed, which was also
because the melting points of hydroxyapatite and Ti were
similar and not too high. In addition, the surface of the Ti-PEEK
bone plate scaffold presented 12.67% O element and 3.01% N
element. The results indicated that nitrides and oxides might be
formed during the spraying process.

Then, we examined the XRD spectra of PEEK bone plate
scaffolds and bioactive coatings in the 26 range. The XRD
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Fig. 12 XRD patterns of plasma sprayed Ta, HA, Ti coatings and PEEK
plate scaffold.
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spectrum of PEEK (Fig. 12) showed the characteristic peaks of
PEEK crystallization at 26 = 18.72°, 20.66°, 22.6° and 28.58°
and the broad hump of the amorphous phase, corresponding to
the semi-crystalline structure of PEEK. The XRD results of HA-
coating showed the characteristic peaks of the fingerprint
region of HA at 20 = 31.8°, 32.18° and 32.96°, indicating the
successful deposition of hydroxyapatite. The HA coating has no
characteristic peak at 26 = 64.2°, which may be due to the
conversion of part of the crystalline hydroxyapatite to amor-
phous state caused by plasma spraying.®* The spectrum of the
tantalum coating shows characteristic peaks at 20 = 23.06°,
36.96°, 38.02°, 56.02° and 68.96°, indicating the presence of
a mixture of metallic tantalum and its oxides, especially Ta,Os
and TaO,.*® This mixed phase may be caused by the high
temperature of plasma spraying. The Ti-coating showed char-
acteristic peaks of «-Ti at 20 = 62.3°, 74.66° and 78.58°. The
sharp o-Ti peak indicated a well-crystallized titanium coating.
At the same time, the results also showed characteristic peaks of
titanium oxide and titanium nitride,> which was consistent
with the conclusion of EDS.** Jan Cizek et al.'s research showed
that titanium nitride and titanium oxide were produced during
the formation of Ti coating by plasma spraying.*

3.3 Cytocompatibility of bioactive bone plate scaffold

To investigate the cytocompatibility of the bone plate scaffold,
we tested the cytotoxicity of rBMSCs cultured in the bone plate
scaffold for 1 day according to the international standard
1SO10993-5. The CCK-8 results (Fig. 13A) showed that the cell
viability of the PEEK bone plate scaffold was 93.86%, while that
of the hydroxyapatite coating group was 95.41%, that of the
tantalum coating group was 93.41%, and that of the titanium
coating group was 99.40%. The cell viability of the PEEK bone
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Fig. 13 Cell viability of rBMSCs cultured on bioactive bone plate scaffolds for (A) 1 day, (B) 3 and 5 days.
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plate scaffold, whether coated or not, was greater than 90%,
indicating that the bone plate scaffold had outstanding cell
compatibility. Furthermore, we cultured for 3 and 5 days and
tested the cell viability of rBMSCs. Compared with the results of
1 day and 5 days, the CCK-8 results of all groups on 3 days
showed a slight increase (Fig. 13B). The cell viability in the PEEK
bone plate scaffold was 100%, while that of the HA-PEEK group
was 107.61%, that of the Ta-PEEK group was 107.98%, and that
of the Ti-PEEK group was 104.55%. The cell viability of the
bioactive bone plate scaffold was slightly higher than that of the
bone plate scaffold. On 5 days, the cell viability of rBMSCs
began to decrease slightly but it was still higher than that on the
1 day. Although the bioactive coating did not show a significant
promotion of cell proliferation, it showed excellent cell
compatibility, which was related to the relative inertness of
PEEK material and the bioactivity of hydroxyapatite, titanium
and tantalum.'®*

3.4 Osteogenic efficacy of bioactive bone plate scaffolds in
vitro

To explore the osteogenic properties of the bone plate scaffolds,
we further investigated the ALP and alizarin red expression of
rBMSCs after 2 weeks of co-culture with the scaffold extract. The
expression of ALP contributes to the availability of phosphate
and mineral deposition, indicating that rBMSCs are trans-
forming into osteoblasts.*® The ALP staining results (Fig. 14A)
showed that the rBMSCs in the HA-PEEK group showed the
darkest blue among all groups. The statistical analysis results
(Fig. 14D) also showed the highest ALP activity in the HA-PEEK
group. The high-magnification images (Fig. 14C) showed that
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Ta-PEEK

Ti-PEEK HA-PEEK

®

Control
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Fig. 14
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the bioactive bone plate scaffold groups all showed a larger area
of ALP expression compared with the control group and the
PEEK group. The ALP-expressing cytoplasm of the control group
and the PEEK group was only granular and small spindle-
shaped, while the rBMSCs in the other groups became elon-
gated and formed nodular structures. In addition, alizarin red
can specifically bind to calcium ions and stain the cap deposi-
tion area, indicating that rBMSCs mature into osteoblasts.?” The
results of alizarin red staining and statistical analysis (Fig. 14B
and E) showed that the HA-PEEK group and the Ti-PEEK group
presented more red calcium deposition areas, among which the
red area of the HA-PEEK group was the largest. The red
mineralized nodules were densely distributed around the cells,
indicating the formation of mineralized matrix after HA-PEEK
treatment. The statistical analysis results (Fig. 14E) showed
that the red area of the bioactive bone plate scaffold group was
significantly higher than that of the PEEK bone plate scaffold
and the control group, indicating that the bioactive coating has
an outstanding calcium deposition ability. Notably, whether
ALP staining results or alizarin red staining results, the HA-
PEEK bone plate scaffold showed outstanding osteogenic effi-
cacy. Because the calcium ions and phosphate particles released
by the degradation of hydroxyapatite promote bone minerali-
zation and osteoblast differentiation.*®

3.5 Evaluation of osteogenesis after implantation of
bioactive bone plate scaffolds

We constructed a femoral defect model of New Zealand white
rabbits and selected HA-PEEK and Ta-PEEK bioactive bone plate
scaffolds that performed well in vitro osteogenesis experiments
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(A) ALP staining, (B) alizarin red staining, and (C) high magnification images of rBMSCs after treatment with control, PEEK, Ta-PEEK, Ti-

PEEK and HA-PEEK bioactive bone plate scaffolds. (D) and (E) Semi-quantitative statistics of ALP and alizarin red.
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Fig. 15 Appearance of rabbit femur after 12 weeks of implantation of different bioactive bone plate scaffolds.

to further evaluate their osteogenesis performance. The 3D
reconstruction image after scaffold implantation was shown in
Fig. S3.7 The bone plate scaffold customized according to the
femoral sampling model fited the femoral curve perfectly.
Although we reduced the number of screws to 4 during surgery,
the plate and femur still fited perfectly. As shown in Fig. 15, 12
weeks after implantation, the bone plate scaffold was still well

HA-PEEK PEEK Control

Ta-PEEK

fixed to the femur without displacement or screw fall-off. These
results indicated that the model we constructed was con-
structed by Geomagic Studio 12 software and the bone plate
scaffold prepared based on it successfully.

In addition, to further observe the osteogenesis, we per-
formed CT scanning and 3D reconstruction on the removed
bone tissue at week 12. The untreated mid-femur showed the

Fig. 16 3D reconstructed CT images (left, front, right and back views) of rabbit femurs with different bioactive bone plate scaffolds implanted at

12 weeks.
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Fig. 17 H&E stained sections of bone tissue after treatment with different bioactive bone plate scaffolds at 4, 8, and 12 weeks.

largest circular perforated defect and the deepest defect area
compared with the treated group (Fig. 16). This is because the
defective femur lacked the fixation and mechanical support of
the bone plate scaffold on the damaged bone segment.*” The Ta-
coated bone plate scaffold group showed an elongated oval
defect compared with the uncoated PEEK bone plate scaffold
group, indicating that the excellent osteoconductive properties
of the Ta coating are conducive to the regeneration of bone
tissue in the defect area.*® Notably, the femoral defect area of
the HA-PEEK group was completely covered by new bone tissue
and there was no obvious gap and discontinuity in the defect
area. The osteogenesis effect of the HA-PEEK bone plate scaffold
was better than that of the Ta-PEEK, which is due to the
osteoinductivity and bioabsorbability of the hydroxyapatite
coating compared with the tantalum coating.*

Control

12 Weeks

Furthermore, we took femoral tissue for H&E staining and
Masson staining to observe the tissue and cells at the defect site
after bone plate scaffold treatment. At week 4, the defect area in
each group was obviously bridged by osteoid and a large
number of inflammatory cells appeared. The defect area in the
control group was the largest (Fig. 17), while the HA-PEEK group
showed the most osteoid deposition in the bone plate group.
The inflammation in each group subsided and obvious osteoid
bridging was shown at week 8. After HA-PEEK treatment, a more
dense and orderly red bone matrix was formed at the defect site.
At week 12, the bone gradually matured and the bone plate
scaffold group showed complete bridging. The HA-PEEK group
showed mature and orderly lamellar bone. The Masson staining
results (Fig. 18) of each group showed a lighter blue color at
week 4, indicating insufficient collagen deposition in the early

Ta-PEEK

Fig. 18 Masson-stained sections of bone tissue after treatment with different bioactive bone plate scaffolds at 4, 8, and 12 weeks.
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stage of bone formation. At week 8, the osteoid in the control
group that was originally shown in H&E staining disappeared in
the Masson staining section, indicating that this part of the
osteoid was not fully mineralized. The bone plate scaffold
groups all showed blue bridges corresponding to the collagen in
mature mineralized bone. At week 12, the HA-PEEK group
showed a clear layered structure and partially red mineralized
bone tissue, which was similar to the bone repair performance
of other HA-coated PEEK implants.** The bone regeneration rate
in the PEEK group was slow and incomplete compared to the
bioactive bone plate scaffold group, indicating that although
the 3D printed bone plate scaffold provided effective mechan-
ical support, it could not further stimulate bone healing.
Notably, the HA-PEEK bone plate scaffold significantly acceler-
ated bone tissue regeneration compared to the Ta-PEEK bone
plate scaffold, because the hydroxyapatite coating on the
surface of the scaffold promoted the osteogenic differentiation
of rBMSCs and the expression of ALP, which was consistent with
the results of the in vitro osteogenesis experiment.

4. Conclusion

Splinting is widely used for internal fixation in limb fractures,
particularly for complex and displaced fractures, offering
improved prognosis and reduced disability. This study devel-
oped a customized PEEK bone plate scaffold using CT data and
3D modeling techniques, ensuring precise anatomical fit and
mechanical support, as confirmed by finite element analysis.
Furthermore, we used PEEK material to 3D print the plate
scaffolds by an FDM 3D printer and separately made HA-coated,
Ta-coated, and Ti-coated plate scaffolds by plasma spraying
technology. SEM results and EDS results showed that the
surface of the bioactive bone plate scaffold was porous and
distributed with corresponding metal elements, including
calcium, phosphorus, tantalum, and titanium. The XRD results
of each bone plate scaffold further exhibited the successful
deposition of the bioactive coating. In vitro tests demonstrated
the bioactive scaffolds' cytocompatibility and osteogenic prop-
erties, with HA-PEEK significantly enhancing ALP expression
and calcium deposition in rBMSC. In vivo evaluations using
a femoral defect model showed that HA-PEEK scaffolds
promoted complete bone defect coverage and accelerated bone
regeneration, outperforming other groups. In conclusion, the
bioactive bone plate scaffold provides a potential strategy for
the treatment of fractures in digital precision medicine.
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