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The repairment of critical-sized bone defects is a serious problem that stimulates the
development of new biomaterials. In this study, nanohydroxyapatite (nHA)-doped porous
polyetheretherketone (pPEEK) were successfully fabricated by the thermally induced
phase separation method and hydrothermal treatment. Structural analysis was
performed by X-ray diffraction. The water contact angles and scanning electron
microscopy were measured to assess physical properties of surfaces. The mechanical
strength of the composites is also determined. Microcomputed tomography is used to
characterize the nHA content of the composites. The in vitro bioactivity of the composites
with or without nHAwas investigated by using murine pre-osteoblasts MC3T3-E1, and the
results of cytotoxicity and cell proliferation assays revealed that the cytocompatibility of all
specimens was good. Adherence assays were employed to examine the adhesion and
morphology of cells on different materials. However, nHA-doped composites induced cell
attachment and cell spreading more significantly. Osteogenic differentiation was
investigated using alkaline phosphatase activity and alizarin red staining, and these
in vitro results demonstrated that composites containing nHA particles enhanced
osteoblast differentiation. Its effectiveness for promoting osteogenesis was also
confirmed in an in vivo animal experiment using a tibial defective rat model. After
8 weeks of implantation, compared to the pure PEEK and pPEEK without nHA groups,
the nHA-pPEEK group showed better osteogenic activity. The results indicate that the
nHA-pPEEK composites are possibly a well-designed bone substitute for critical-sized
bone defects by promoting bone regeneration and osteointegration successfully.
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1 INTRODUCTION

Bone defects, which are caused by trauma, tumor surgery, and
inflammation, affect the quality of life of patients seriously and
remain a major clinical challenge (Huang et al., 2019; Xie et al.,
2020). Autologous bone grafts are considered the gold standard as
bone implants due to their ideal osteo-inductive properties,
preventing the histocompatibility problem. However, the
associated risk of donor site disease and limited
supplementation are disadvantages of the treatment (Beigi
et al., 2019; Kohli et al., 2021). Metals (e.g., titanium alloys)
are widely used as prostheses because of the high mechanical
strength and excellent frictional resistance (Yan et al., 2018).
Some disadvantages, however, have been pointed out for metal
implants: image distortion in postoperative observations, stress
shielding effect on the bone around the implant, and the need of
additional surgery for removal (Hughes et al., 2018; Ko et al.,
2021).

In recent years, there has been rising interest to develop the
new medical devices based on polyetheretherketone (PEEK)
because of its good biocompatibility and mechanical properties
that can match the cortical bone tissue (Vaezi et al., 2016; Feng
et al., 2019). Unlike metal implants, which create artifacts in
radiography, computed tomography (CT), and magnetic
resonance imaging (MRI), PEEK does not generate such
artifacts (Fukuda et al., 2018; Sunarso et al., 2020). However,
PEEK is not a material with bioactivity, which possesses poor
osseointegration, owing to its bioinert nature (Dai et al., 2019).
Therefore, the development of new modification techniques to
enhance the bioactivity of PEEK is an important requirement.

Several strategies have been studied to improve the bioinert
nature of PEEK with bioactive materials (Wan et al., 2020), and
synthetic hydroxyapatite (HA), which is most similar to mature
bone, has been widely applied as a bone substitute for the
requirement of bone defects in orthopedic surgery (Pujari-
Palmer et al., 2017; Zakrzewski et al., 2020). To enhance the
osteointegration of PEEK-based implants, several techniques
have already been developed for various orthopedic uses: 1)
the incorporation of HA into the PEEK matrix, 2) coating
PEEK implants with HA, and 3) adding porosity into PEEK
implants (Zhong et al., 2019). Due to the natural structure of
native bone tissues, pores in implants play a key role in bone
regeneration (Lin et al., 2019) because biocompatible porous
implants that mimic the natural bone structure have given the
most hopeful results due to their promoting effect on cell
proliferation and neovascularization (Paraš et al., 2020).
Among these methods, the use of HA combined with the
porosity has been considered a desirable technology for
improving the osteointegration of PEEK-based devices
(Torstrick et al., 2018). Some investigators have reported that
the incorporation of bioactive molecules and porosity to PEEK
are effective approaches to improve the osteointegration of
PEEK-based implants (Chubrik et al., 2020; Conrad and
Roeder, 2020; Swaminathan et al., 2020; Huang et al., 2021;
Venkatraman et al., 2021).

In summary, two major methods have been performed to
improve the biological activity of porous PEEK (po-PEEK)

materials with the synthetic HA. One approach is to fabricate
PEEK-based composites by incorporating bioactive molecules
into PEEK substrates, but this may influence the mechanical
strength. Another strategy is to activate the surface of PEEK with
HA coating. However, PEEK surface coatings may lead to
insufficient cohesion and delamination, resulting in tissue
inflammation (Han et al., 2019).

The objective in this study is to prepare a new kind of porous
composite based on porogens in a PEEK matrix by using a novel
experimental technique. Subsequently, HA is generated in situ
inside the porosity of Po-PEEK biomaterial via hydrothermal
synthesis, aiming to develop a bioactive composite with good
biological performances for bone regeneration and
reconstruction. A schematic diagram of the experimental
protocol is illustrated in Scheme 1.

2 MATERIALS AND METHODS

2.1 Preparation of Porous PEEK
2.1.1 Fabrication
Briefly, diphenyl sulfone was added into a 1 L round-bottom flask
and heated to 140°C until completely dissolved. PEEK powder
(melt flow rate = 13, offered by Jilin University Special Plastic
Engineering Research Center) was added and slowly warmed to
350°C. Then, the solution was stirred until the powder was
dissolved completely. Finally, sodium chloride was added, and
the solution continued to be stirred until it was homogeneous.
The product was poured into the mold and cooled to room
temperature. Subsequently, the resulted polymer was further
purified by Soxhlet extractions for 3 days with acetone and
distilled water to remove diphenyl sulfone and excess
inorganic salts. Throughout the manuscript, two types of Po-
PEEK with different solid contents were synthesized, and
different degrees of compression were processed to improve
the mechanical properties. Materials were divided into four
groups: PK50-20% (50% solid content and 20% compression),
PK50-10% (50% solid content and 10% compression), PK50 (50%
solid content), and PK40 (40% solid content). The solid content
was calculated as shown below:

Solid content � MPEEK

MPEEK +Mdiphenyl sulfone

Where MPEEK and Mdiphenyl sulfone represented the mass of PEEK
powder and diphenyl sulfone in the reaction system, respectively.

2.1.2 SEM Observation
The material was broken up with liquid nitrogen, and the cross-
sections were sputtered with gold for 60 s. The samples were then
observed and photographed with a scanning electron microscope
(SEM, Hitachi S4800; Japan).

2.1.3 Density and Porosity
The density of materials was tested by a density/specific gravity
meter DA-510 (Kyoto Electronics Manufacturing, Kyoto, Japan)
at room temperature and the porosity was calculated based on the
formula as follows:
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P � 1 − ρ

ρ0

where P denoted the porosity of fabricated material, and ρ
indicated the density of the material in its natural state, and ρ0
represented the absolute solid density of this material.

2.1.4 Mechanical Strength
The materials were cut into 1 cm cubes for tests of mechanical
properties, with an Instron universal tester 5,966 (Instron,
Norwood, MA, United States).

2.2 Fabrication of
Nanohydroxyapatite-Doped Porous PEEK
2.2.1 Synthesis Process
The nanohydroxyapatite (nHA) was synthesized in the laboratory
via a hydrothermal treatment method. Specifically, di-
ammonium hydrogen phosphate (AR grade) was dissolved in
10 ml of Millipore water, and Po-PEEK with 50% solid content
was immersed in it under vacuum to make the solution infiltrate
the pores of the samples. Afterwards, the materials were frozen at
−20°C and lyophilized. Calcium nitrate and pluronic F127 were
dissolved in 10 ml of Millipore water and stirred until complete

homogenization. Pluronic F127 was selected as a soft template to
obtain the porous structure (Gong J. et al., 2020). The lyophilized
samples were immersed in the solution of calcium nitrate under
vacuum to make theoluteion infiltrate the pores again, and the
precipitation was carried out by adding di-ammonium hydrogen
phosphate dropwise to the calcium nitrate solution under
constant stirring, followed by being transferred into reaction
kettles at 120°C for about 12 h. Following the termination of
the experiment, all samples were washed with distilled water to
remove remaining salts and Pluronic F127, keeping the samples
dried at 60°C in the vacuum oven.

2.2.2 SEM Observation
The operation was performed essentially as described previously.

2.2.3 Water Contact Angle Test
The water contact angle of the sample surface was analyzed by the
contact angle-measuring instrument (DSA25, Kruss, Germany).
The test materials were then cut into samples of 20 mm length,
10 mm width, and an average thickness of 2 mm. The droplets
were laid onto the sample surfaces, and the images were captured
using the camera. The contact angle was measured by recording
the contact angle values.

SCHEME1 |Design of the experiment. (A) Schematic diagram of synthesis process, including the Po-PEEKwith thermally induced phase separation and nHAwith
hydrothermal methods. (B) Implantation procedure of rat tibial defect model and cellular responses around the host bones after the operation.
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2.2.4 X-Ray Diffraction Analysis (XRD)
The synthesized nHA powders on an XRD grid were exposed to
the measurements, and the structures of which were
characterized by using an X-ray diffract meter (XRD-6000;
Shimadzu, Tokyo, Japan) in the 2θ range from 10° to 80° at a
scanning rate of 10°/min.

2.2.5 Experiment Sizes of Samples
The experiments were conducted using two different sizes of
materials. For in vivo experiments, the samples were 1 mm thick
and 10 mm in diameter. In vivo samples were T-shaped columns,
with 3 mm diameter at the bottom and 4 mm diameter at the top.
Both sections measured 2 mm in length for a total length of
4 mm. The top section had a 0.75 mm diameter transverse hole
for pull-out testing. Figure 1A shows a schematic of this
appearance.

2.3 In Vitro Assays
2.3.1 Cytotoxicity Assay
In vitro cytotoxicity was measured by MTT assays with MC3T3-
E1 osteoblasts, which were purchased from the American Type
Culture Collection (Manassas, VA, United States). The cells were
grown in DMEM with 10% fetal bovine serum (FBS) and 1%
penicillin–streptomycin (all Sigma-Aldrich, MO, United States).
The cells were incubated at 37°C and 5% CO2. The experiment
was conducted with extracts of all groups. Cells were seeded into
96-well cell culture plates at a density of 104 cells/well and
routinely incubated. After 24 h, the medium was removed and
replaced with the prepared extracts, and culture was continued
for another 24 h. Cell viability was tested using the MTT assay kit
(Solarbio, Beijing, China) according to the manufacturer’s
instructions. To display the cell viability more intuitively, the
live/dead staining was carried out with Calcein-AM/PI Double
Stain Kit (Solarbio, Beijing, China). Live cells were stained in
green by Calcein-AM, whereas dead cells were stained red by PI.
The staining results were captured under an inversion
fluorescence microscope (BX51WI; Olympus, Tokyo, Japan).

2.3.2 Cell Proliferation Activity
Cells were seeded into different materials with a density of 2 ×
103 /well. Cell proliferation was performed according to the
CCK8 kit (CCK8, Dojindo, Japan) manufacturer’s protocol on
1, 3, and 5 days.

2.3.3 Cell Adhesion Evaluation
For each group, 4 × 104 cells were seeded onto the different
samples, cultured for 24 h. The cell morphology was observed
with SEM. In detail, the cells were rinsed with phosphate-
buffered saline (PBS) and then fixed with 2.5% glutaraldehyde
for 2 h. After the removal of the fixative, samples were rinsed with
PBS again. Subsequently, dehydration was carried out with the
gradient-ethanol method, with critical point drying in CO2 and
gold coating. The cell morphology was visualized via SEM and
photographed. To further validate the impact of the materials on
cell morphology and cytoskeleton organization, the fluorescence
staining of actin cytoskeleton was performed. In brief, cells were

fixed with 4% paraformaldehyde (PFA) for 15–20 min, and then
fixed cells were stained with FITC-phalloidin and DAPI (all
Sigma-Aldrich, MO, United States) for cytoskeleton and
cellular nuclei staining, respectively. Images were captured and
recorded with the confocal laser scanning microscope (Fluo View
FV-1000; Olympus, Tokyo, Japan).

2.3.4 Cell Seeding Efficiency
To investigate the adhesive ability of cells on the materials over
short time periods, the percent attachment was calculated after
4 h co-culturing time. MC3T3-E1 cells were seeded onto the
materials at a density of 105 cells/sample and incubated for 4 h.
The medium was removed, and the cells were rinsed with PBS
collected into the centrifuge tubes. Then, the residual cells on the
materials were digested with trypsin (Solarbio, Beijing, China)
and suspended in a suitable volume of culture medium, followed
by counting with a cell-counting plate. The cell seeding efficiency
was calculated as follows:

η � X

X0

where η indicates the seeding efficiency, X the number of the
residual cells, and X0 the initial number of cells seeded onto the
samples.

2.4 Osteogenic Differentiation in vitro
MC3T3-E1 cells, which are pre-osteoblast derived from mouse
calvaria, are used as model cells, being capable of differentiating
to mature mineralizing osteoblasts. In this study, once the cells
reached confluence, the culture medium was switched to
osteogenesis inductive medium, composed of culture medium
supplemented with 10 mM β-glycerophosphate, 10 nM
dexamethasone, 50 μg/ml ascorbic acid (all Sigma-Aldrich,
MO, United States).

2.4.1 Alkaline Phosphatase Activity
MC3T3-E1 cells were seeded onto the different sample surfaces at
a density of 2 × 104 cells/well. The analysis of ALP activity and
ALP staining was performed after osteogenically induction for 7
and 14 days. ALP was stained using an ALP staining kit
(Beyotime, Shanghai, China) according to the manufacturers’
instructions. The intracellular ALP activity was also evaluated
quantitatively. According to the manufacturers’ protocols, the
BCA kit (Beyotime, Shanghai, China) was used to determine the
total protein content and ALP activity was investigated by an ALP
activity kit (Jiancheng, Nanjing, China).

2.4.2 Alizarin Red s Staining
Detection of mineral deposition was performed using alizarin red
staining and semi-quantification method. Cells were seeded onto
the sample surfaces at a density of 2 × 104 cells/well and cultured
for 21 days with osteogenic medium. For ARS staining, cells were
fixed in 4% paraformaldehyde and stained with 1% ARS
(Solarbio, Beijing, China) for about 30 min. Images of the
stained materials were taken by using a scanner (Perfection
V600I; Epson, United States). To quantify calcium deposition,

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org February 2022 | Volume 10 | Article 8312884

Wang et al. Hydroxyapatite Modified Polyetheretherketone for Osteointegration

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


materials with cells were in treatment with 10% (v/v)
cetylpyridinium chloride monohydrate (Aladdin, Shanghai,
China) aqueous solution to extract the ARS dye, quantified at
an OD of 562 nm (Gong L. et al., 2020).

2.5 Osteogenic Assay in vivo
2.5.1 Rat Tibial Defect Model
Osteointegration of surfaces was evaluated by using the implant-
plug model, creating the defective area in the proximal tibia of the
rat. All surgical processes were approved by the Institutional
Animal Care and Use Committee of Jilin University (IACUC No.
20210507-02). A total of 15 male Sprague–Dawley rats (n = 5)
were in use (Weitong Lihua, Beijing, China). Animals were
12 weeks old and their mean body weight was 397 g. Animals
were pre-anesthetized with isoflurane, and subsequently, an
intraperitoneal injection of a urethane/acepromazine maleate
mix was carried out to anesthetize the animal. Both hind

limbs were prepared, and a 1 cm incision was made, with
muscle released and the medial collateral ligament transected.
The bone surfaces were exposed, and a 2.5 mm puncher (Integra
Miltex, Plainsboro, NJ, United States) was used to generate holes
in the bone tissues. Each implant was pressed into the hole, and it
was made sure that the lip of the implant was flushed on the
cortex. The incisions were sutured in a routine manner. Each
animal was implanted one material in each leg, and experimental
groups were randomized between animals and legs. All animals
were euthanized after 8 weeks by carbon dioxide asphyxiation.
Animal samples were fixed in PFA until further testing.

2.5.2 Small Animal Microcomputed Tomography (μCT)
All samples were scanned with μCT prior to biomechanical
testing and histologic examination. All the samples were
examined using a μCT system (Bruker, Kontich, Belgium) to
evaluate the amount of new-formed bones. Three-dimensional

FIGURE 1 | Characterization. (A) 3D schematic of the implant material (B,C) SEM images of porous materials with different magnification. (D) Density and porosity
of all groups with different solid content and compressive degrees. (E)Mechanical strength of all groups with different solid content and compressive degrees. (F)Micro-
CT image of the material in the PK50-20% group. (G) SEM picture of synthetic nHA. (H) XRD diffractogram for samples of synthetic nHA. (I) The water contact angle
analysis of the different samples.
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(3D) images of μCT were performed using the CTVox software,
and bone regeneration was expressed as the bone volume/tissue
volume (BV/TV) ratio and trabecular number (Tb. N) using
Dataviewer and CTAn (all Brucker, Kontich, Belgium).

2.5.3 Pull-Out Test
A biomechanical pull-out test was carried out to assess the
osteointegration for each implant surface. All pullout tests

were conducted using a universal testing machine (Instron
5500R, MA, United States). Each tibia was secured with a
custom fixture, and the implant was linked to a 100 N load cell
by passing a piano wire through the prepared hole. Pre-loaded
samples (1.0 N) were placed to a constant tensile
displacement rate of 0.1 mm/s. The tensile force is the
maximum load reached before implant dislodgement or
failure.

FIGURE 2 | Biocompatibility of prepared materials. (A) Live/dead cell staining for evaluation of different extracts from all groups. (B) Cell cytotoxicity quantitative
measurement by the MTT assay. (C) Analysis of cell proliferation on different surfaces of all groups. (D) Seeding efficiency for MC3T3-E1 cells on the different materials.
(E)Cell morphology in SEM of MC3T3-E1 osteoblast cells after co-culture with different samples. (F) Fluorescent staining of cells with FITC-phalloidin (actin cytoskeleton,
green) and DAPI (nucleus, blue).
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2.5.4 Surface Patterns of Implants
Surface changes of implants were analyzed using SEM-EDX
(energy-dispersive X-ray) system. SEM was used to observe
and compare the implant surface morphology before and after
implantation. Elemental analysis was performed using an EDX
spectrometer for carbon, oxygen, calcium, and phosphorus,
which represented osteogenesis-related elemental types.

2.5.5 Histological and Immunohistochemical Analysis
After pull-out testing, the samples collected for histological
analysis were fixed in 4% formalin and decalcified with 10%
EDTA for 16 weeks until fully decalcified. After decalcification, all
the specimens were paraffin-embedded and sectioned at 4 μm
thickness and subjected to staining for histological evaluation.
Histological analyses were conducted using hematoxylin and
eosin (HE) staining and Masson’s trichrome (MTC) staining.
Immunohistochemical staining for the bone morphogenetic
protein-2 (BMP-2) and osteocalcin (OCN) of tissue sections
was performed using a standard, indirect three-step
immunoperoxidase technique.

2.6 Data Analysis
Statistical significance was determined by the independent-
sample t-test for the comparison of two groups and one-way
ANOVA for comparison of three or more groups. p < 0.05 was
taken to indicate statistical significance, *p < 0.05 and **p < 0.01.

3 RESULTS

3.1 Material Characterization
Po-PEEK materials obtained from the thermally induced phase
separation technology are characterized by SEM, and the findings
are reported in Figures 1B,C with two different magnifications,
showing a network of well-connected pores with different
dimensions. Figure 1D shows the differences and trends in the
densities and porosity of different groups, indicating that the
decline of densities is greater in the PK40 group (40% solid
content), and that of PK50 (50% solid content) is rebounded
somewhat. However, the densities of PK50 are increased with
increasing degrees of compression, where PK50-10% or PK50-20%
means that Po-PEEKwith 50% solid content is compressed by 10%
or 20%. The porosities as expected, show an opposite trendwith the
densities in the same groups. The mechanical strength tests of
different groups are displayed in Figure 1E, and these results are
consistent with the density results in the trend of change. Taken
together, the PK50-20% group is the best outcome for density,
porosity, and strength as the bone substitute materials. Therefore,
PK50-20% was chosen for the subsequent experiments (pPEEK).
For samples doped with nHA particles, a CT analysis of the
composites (nHA-pPEEK) is presented in Figure 1F. As can be
seen, HA nanoparticles embedded in pPEEK were clearly visible,
showing the high-density shadows. The SEM image of nHA
crystals is presented in Figure 1G, indicating that the synthetic

FIGURE 3 | Osteogenic differentiation of MC3T3-E1 cells. (A) ALP staining assays of cells on the different materials after 7 and 14 days co-culture time. (B) ALP
activity in cell lysates collected from cells co-cultured with different materials. (C) ARS staining of cells on the different materials. (D) Quantification of ARS staining in (C).
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nHA particles occur in the form of crystal clusters and the mean
length of a single crystal is about 300 nm with a needle shape. The
XRD result shows HA typical diffraction peaks and confirms the
nucleation of HA in all samples (Figure 1H). Appropriate
hydrophilic surfaces will be more conducive to initial cell
attachment (Chen Y. et al., 2017). The hydrophilic–hydrophobic
property of the different materials was characterized by water static
contact angles (Figure 1I). The contact angle analysis shows 99° on
the material surface of the control group while showing 50° and 21°

on the material surfaces of the pPEEK and nHA-pPEEK groups. It
is generally believed that contact angles greater than 90° indicate
hydrophobic properties, while smaller than 45° denotes clearly
hydrophilic ones (Peters, 2017). Thus, as far as hydrophilic
properties, statistically significant difference is observed among
the control groups (PEEK and pPEEK) and experimental groups

(nHA-pPEEK) (p < 0.01). Interestingly, the hydrophilic ability of
pPEEK is better than PEEK (p < 0.05), which means that the
porous structure may also improve the hydrophobicity of the
original biomaterial.

3.2 Cellular Compatibility
The conditions of the cultures contacted with extracts from the
materials (indirect methods) are assessed using image analysis
and quantitative analysis. Results are presented in Figures 2A,B),
and all groups do not show any toxicity, thus showing that the
synthetic materials are cell compatible completely. To investigate
possible influences of the material surface on the proliferation of
the cells, CCK8 assessment is taken, and the results are shown in
Figure 2C. The cell proliferation in each group increases based on
the culturing time, and all groups show higher values than the

FIGURE 4 | In vivo analysis on osseointegration. (A) Three-dimensional images obtained from μCT reconstruction. Overall pattern of tibia (upper); new bone in the
defect part (lower). (B) BV/TV, and (C) Tb. N of the defective aera calculated using accessory software. (D) Pull-out strength of the implanted materials in all groups,
having different effects on osseointegration. (E) Themaximum values of pull-out load taken for quantitative analysis. (F)Quantitative analyses of phosphorus and calcium.
(G) The surface composition of each sample analysis by SEM-EDX system, including SEM images and distribution maps of the elements of carbon, oxygen,
phosphorus, and calcium.
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FIGURE 5 | Histological analysis. (A) Representative displays of hematoxylin–eosin (HE) staining of tibia tissue sections, revealing that nHA-pPEEK composites
markedly promoted new bone formation (black arrows). (B) Results of MTC staining for the collagenous fiber distinguished as blue (black arrows), showing that the
experimental group had a large number of blue collagen fibrils and fibrous tissue. (C) Results of BMP-2 protein immunolocalization via immunohistochemistry staining to
make a successful differential diagnosis (black arrows). (D) OCN immunolocalization via immunohistochemistry staining to make a successful differential diagnosis
(black arrows).
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frontier group (p < 0.01). On day 5, pPEEK and nHA-pPEEK
groups show higher values than the PEEK control group (p <
0.05), which means that a porous structure may promote the
ability of cell proliferation, but nHA does not show apparent
superior performance. Cell seeding efficiency is a cell adherence
assay to evaluate the effect of materials on cell adhesion. From the
results (Figure 2D), nHA-pPEEK can stimulate the adhesion of
MC3T3-E1 cells compared with other groups (p < 0.05). The
morphology of MC3T3-E1 cells adhered on the surfaces of
materials is observed under SEM (Figure 2E), revealing that
nHA-pPEEK can promote the expansion of cells apparently from
the difference in cellular area. Cell morphology and spreading are
closely related to cytoskeletal structure, so cell fluorescent staining
is performed. Results are displayed in Figure 2F, where nuclear
staining is blue and cytoskeletal staining is green. Compared to
PEEK and pPEEK groups, there are a greater number of cells and
larger amounts of cytoskeleton fibers of each cell in the nHA-
pPEEK group. The cytoskeleton is the key component that
regulates cell migration and differentiation, and some studies
believe that osteogenic gene activation is mediated by cytoskeletal
change (Wei et al., 2020).

3.3 In Vitro Osteogenic Differentiation
Assays
We have analyzed the osteogenic potential of the synthetic materials
in vitro. ALP activity is a marker of early-stage osteogenesis (Chen E.
E. M. et al., 2017). The samples show different degrees of ALP
staining (Figure 3A), where the results in day 14 are greater than day
7 overall. At each specific time point, the nHA-pPEEK group shows
deepest staining, indicating that ALP activity is highest, followed in
decreasing order by the pPEEK and PEEK groups. To investigate
whether the differences among the groups are highly significant, ALP
activity quantitative assessment is performed (Figure 3B). In
agreement with staining results, there are statistically important
differences in ALP activity between the nHA-PEEK and other
groups (p < 0.01). Notably, the ALP activity in the pPEEK group
on day 14 is higher than PEEK groups (p < 0.05), which means that
pPEEK has a certain degree of osteoinductive abilities. Mineralization
is considered an in vitro endpoint of osteogenic differentiation (Lin
et al., 2017). Thus, ARS staining is performed on day 21 and results
are presented in Figure 3C. The red color is deeper and deeper in
order of PEEK, pPEEK, and nHA-pPEEK, indicating that the content
of calcium is more and more. The result of quantification of ARS is
consistent with the result of ARS staining (Figure 3D), where the
nHA-pPEEK group has a higher content of calcium than other
groups (p < 0.01), and pPEEK is also slightly elevated compared to
PEEK (p < 0.05).

3.4 In Vivo Bone Integration
To demonstrate implant functionality, the osseointegration of
implants placed around rat tibias is analyzed. Eight weeks after
the implantation, materials with surrounding tissues are harvested
for analysis. The μCT scanning-reconstructed images for different
groups are shown in Figure 4A. From the results, bone density and
the amount of new bone volume in nHA-pPEEK are apparently
higher than the PEEK and pPEEK groups, which indicates that the

osteoinductivity and osteoconductivity of nHA-pPEEK composites
are greater than others. Results of bone parameters, including BV/TV
(Figure 4B) and Tb. N (Figure 4C), are consistent with reconstructed
images, showing that nHA-pPEEK has the best performance in
osteogenesis (p < 0.05). The biomechanical pull-out test is utilized
to evaluate the quality of osseointegration of the implants, and the
results (Figures 4D,E) show that there are significant differences
observed among materials (p < 0.01), which illustrates that nHA-
pPEEK has the ability to enhance the osteogenic capacity of
biomaterials. After pull-out, SEM is employed to characterize the
morphology of the surfaces on the implants. Results show that new
bone tissues deposit on the surface of the materials in each group and
intensity differs among the groups (Figure 4G). Quantification
indicates statistical significance (Figure 4F, p < 0.01), further
confirming the osteogenic capacity of the nHA-pPEEK implants.
According to the results of HE and Masson staining (Figures 5A,B)
8 weeks after bone graft in the tibiae of rats, the osteogenic area can be
clearly seen in the nHA-pPEEK group, which shows cell aggregation
at the osteogenic front of the newly formed bone and where the area
presents collagen fiber bundles of high content. Figures 5C,D shows
that the osteogenic differentiation of cells was observed by positive
immunohistochemical staining for BMP-2 and OCN and the results
confirm that the nHA-pPEEKmaterials can effectively promote stem
cells to differentiate to the bone cells compared to other groups.

4 DISCUSSION

HA-based biomaterials are widely used as bone substitute
material because its osteoinductive activity is generally
recognized, because biosafety is a prerequisite for bone-
substitute in vivo applications (Tang et al., 2017). To date,
there are many ways in which HA participates in the PEEK
materials, as described before, but with a variety of weaknesses
consistently present. In this paper, a new technique based on
thermally induced phase separation method and hydrothermal
synthesis technology is used for producing bioactive nHA-pPEEK
composites. The technique is also an efficient method for
fabricating Po-PEEK with changeable porosity. The nHA-
pPEEK biocomposites produced exhibit good biocompatibility
and cell attachment, while the incorporation of nHA into PEEK
does not result in the reduction of mechanical strength because
the HA particles are attached on the surface rather than
embedded in PEEK substrate. SEM and XRD results confirm
the formation of crystalline nHA on the porous pPEEK materials
after the hydrothermal method. Upon the addition of nHA
biomolecules, nHA-pPEEK composites’ hydrophilic properties
are improved compared with other groups. The surface
hydrophilicity will promote the attachment of many different
cells, and cell spreading, proliferation, and differentiation have
also been related to it in addition to initial cellular attachment
(Pan et al., 2015; Pajoumshariati et al., 2018).

In the biomedical field, cell viability is often used to determine
the biocompatibility of biomaterials. According to ISO 10993-5,
cell viability results can be interpreted as following: >80% no
cytotoxicity, 80%–60% weak cytotoxicity, 60%–40% moderate
cytotoxicity, and <40% strong cytotoxicity (Ciorita et al., 2020).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org February 2022 | Volume 10 | Article 83128810

Wang et al. Hydroxyapatite Modified Polyetheretherketone for Osteointegration

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


The results show that all fabricated materials are compatible with
MC3T3-E1 cells with no cytotoxicity. Cell proliferation is another
of the cell activities required for tissue regeneration (Del Castillo-
Santaella et al., 2019). The cell proliferation rate of cells cultured on
the material surfaces changes at different time points, and the
results in the pPEEK and nHA-pPEEK groups are superior to that
in the control group on day 5, which means that porous structure
can promote cell proliferation and nHA particles have no
proliferation-promoting effect significantly despite the higher
levels of cell viability (p > 0.05). This is probably because the
porous structures allow for the optimal interaction of the materials
with the cells, oxygen and other nutrients are delivered to nourish
the attached and embedded cells (Tong et al., 2016). The material
properties can influence cellular reaction when cells attach the
surfaces, andmaterial–cell interactions are further evaluated by cell
adhesion tests (Cui et al., 2017). Cell seeding efficiency on the
surfaces of synthetic materials in a short period of time correlates
with almost surface property changes, and nHA particles occupy a
preponderant place in the cell attachment. Next, the morphologies
of cell spreadingwithin 3Dmatrix are obtained using SEMafter co-
culturing with different groups for 24 h. The results show that cells
have a more homogenous spreading distribution in the nHA-
pPEEK group, which is possibly associated with cell
differentiations. Hence, the better performance of nHA-
modified samples in improving cell differentiation is probably
associated to the functions and bioactivity of nHA (Jiang et al.,
2020). Cell spreading is often accompanied by changes in the
structure and composition of the cytoskeleton (Ma et al., 2016),
and the beneficial outcome of cytoskeleton staining further
confirms the effect of nHA and porous structure on MC3T3-E1
cells. The cell-spreading area and the cell numbers can be helpful
data for cell evaluation on materials.

During early stages of cell differentiation, osteoblasts
synthesize ALP and other related markers, which ultimately
leads to the extracellular matrix calcification, where the degree
of osteoblastic differentiation is evaluated by the expression of the
aforementioned osteoblast markers (Zhang et al., 2017). The
expression of ALP is monitored using ALP staining and ALP
activity assay. Results show that a significantly greater ALP
activity is observed in the nHA-pPEEK group compared with
other groups at any point in time. Interestingly, cells in the
pPEEK group have a higher level than the PEEK groups in the
ALP activity quantification experiment, which is possibly related
to the morphology of porous structure (Feng et al., 2020). The
degree of the extracellular matrix mineralization is determined
using ARS staining and the semi-quantification of cultured
osteoblasts to detect bone nodules. Results indicate that the
number of calcium nodules is increased obviously in the nHA-
pPEEK group, and a mild increase is observed in the pPEEK
group, which is consistent with the ALP quantification results
above. In the osteogenic experiments, nHA-pPEEK composites
show better osteogenic ability with enhanced ALP activity and
more calcium deposition. Lastly, the current results are obtained
from in vitro experiments and need to be validated in vivo.

In this study, the effect of synthesized composite materials on
osteointegration is investigated in a well-established rat tibial
bone defect model. At the end of the eighth week, rats are

sacrificed, and tibias are detected by μCT, and the data reveal
that the amount of new bone formation on the surfaces of the
nHA-pPEEK group is significantly higher than other groups,
showing a high amount of newly formed bone in the defect areas.
A quantitative analysis involving BV/TV and Tb. N further tests
this idea. The osteointegration of the newly formed bone is
examined by the pull-out test, and the results are expressed as
the maximum pull-out force, which is consistently higher for the
nHA-pPEEK than for the pPEEK, and pure PEEK groups. This
could be partially explained by biomimetic mineralization (Zhao
et al., 2020). Porous nHA-pPEEK composites mimic the structure
of natural bones in the sense that nHA acts as the bone salt and
pPEEK the porous structure to cancellous bone. The
biomechanical strength of bone–implant integration is
measured by the pull-out test, and the surfaces of the
extracted materials are examined by SEM-EDX for the analysis
of new bone formation. The present experimental results show
that the pull-out force is the maximum in the nHA-pPEEK group,
hindered by the newly formed coupled bone. SEM images show
that the nHA-pPEEK composites appear to have a rough surface
morphology. The measurements of calcium and phosphorus on
the surfaces performed with EDX identify these elements in all
treatment groups, but the nHA-pPEEK group has the greatest
amount compared to others and based on the results of the
quantitative analysis. The HE histological staining is used to
demonstrate different tissue structures, and the newly formed
bulk bone tissues are displayed, where the collagenous regions
contain a lacuna structure that is surrounded with osteoid. The
results of Masson staining are expected, which show that the nHA-
pPEEK group has the most blue staining area of collagen fibrils.
BMP-2 and OCN are the respective mid-later stage markers in the
osteogenic differentiation process of stem cells (Shuang et al., 2016;
Shalumon et al., 2018; Dashtimoghadam et al., 2020), and so the
evaluation is necessary to assess. There is significantly greater
positive OCN or BMP-2 staining in the nHA-pPEEK group
compared with other two groups, which illustrates the
successful osteogenic differentiation of MC3T3 cells, further
proving the excellent osteoinductive performance of the nHA-
pPEEK composites. The in vivo experiment further indicates that
nHA-pPEEK induces more new bone formation and tighter bone
bonding.

5 CONCLUSION

In this study, an nHA-pPEEK was developed and its potential to
successfully promote bone integration in vivo was demonstrated.
The nHA-pPEEK composites were fabricated by thermally
induced phase separation method and hydrothermal reaction
technology. In the in vitro experiments, the composites displayed
good osteogenesis and biocompatibility. After 8 weeks of
implantation, significantly higher new bone formation within
the defective area as well as at the implant–bone interface was
achieved in the nHA-pPEEK group compared to that of the PEEK
and pPEEK groups. The results showed that the nHA-pPEEK
biomaterials can be a promising bone substitute for the treatment
of bone defects.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org February 2022 | Volume 10 | Article 83128811

Wang et al. Hydroxyapatite Modified Polyetheretherketone for Osteointegration

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Materials, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional
Animal Care and Use Committee of Jilin University.

AUTHOR CONTRIBUTIONS

NW, DQ, LL, YZ, HL, and SZ designed and performed the whole
experiment. NW and DQ analyzed all data and wrote the paper. All
authors contributed to the article and approved the submitted version.

FUNDING

This work was supported by the following funds: The Natural
Science Foundation of China (Grant no. 81771123 and 82071163).

REFERENCES

Beigi, M.-H., Safaie, N., Nasr-Esfahani, M.-H., and Kiani, A. (2019). 3D Titania
Nanofiber-like Webs Induced by Plasma Ionization: A New Direction for
Bioreactivity and Osteoinductivity Enhancement of Biomaterials. Sci. Rep. 9,
17999. doi:10.1038/s41598-019-54533-z

Chen, E. E. M., Zhang, W., Ye, C. C. Y., Gao, X., Jiang, L. L. J., Zhao, T. T. F., et al.
(2017a). Knockdown of SIRT7 Enhances the Osteogenic Differentiation of Human
BoneMarrowMesenchymal StemCells Partly via Activation of theWnt/β-Catenin
Signaling Pathway. Cell Death Dis 8, e3042. doi:10.1038/cddis.2017.429

Chen, Y., Liu, X., Liu, R., Gong, Y., Wang, M., Huang, Q., et al. (2017b). Zero-order
Controlled Release of BMP2-Derived Peptide P24 from the Chitosan Scaffold
by Chemical Grafting Modification Technique for Promotion of Osteogenesis
In Vitro and Enhancement of Bone Repair In Vivo. Theranostics 7, 1072–1087.
doi:10.7150/thno.18193

Chubrik, A., Senatov, F., Kolesnikov, E., Orlova, P., Poponova, M., Grunina, T.,
et al. (2020). Highly Porous PEEK and PEEK/HA Scaffolds with Escherichia
Coli-Derived Recombinant BMP-2 and Erythropoietin for Enhanced
Osteogenesis and Angiogenesis. Polym. Test. 87, 106518. doi:10.1016/j.
polymertesting.2020.106518

Ciorita, A., Suciu, M., Macavei, S., Kacso, I., Lung, I., Soran, M.-L., et al. (2020).
Green Synthesis of Ag-MnO2 Nanoparticles Using Chelidonium Majus and
Vinca Minor Extracts and Their In Vitro Cytotoxicity.Molecules 25, 21. doi:10.
3390/molecules25040819

Conrad, T. L., and Roeder, R. K. (2020). Effects of Porogen Morphology on the
Architecture, Permeability, and Mechanical Properties of Hydroxyapatite
Whisker Reinforced Polyetheretherketone Scaffolds. J. Mech. Behav. Biomed.
Mater. 106, 103730. doi:10.1016/j.jmbbm.2020.103730

Cui, X., Huang, C., Zhang, M., Ruan, C., Peng, S., Li, L., et al. (2017). Enhanced
Osteointegration of Poly(methylmethacrylate) Bone Cements by Incorporating
Strontium-Containing Borate Bioactive Glass. J. R. Soc. Interf. 14, 20161057.
doi:10.1098/rsif.2016.1057

Dai, Y., Guo, H., Chu, L., He, Z., Wang, M., Zhang, S., et al. (2019). Promoting
Osteoblasts Responses In Vitro and Improving Osteointegration In Vivo
through Bioactive Coating of Nanosilicon Nitride on Polyetheretherketone.
J. Orthop. Transl 24, 198–208. doi:10.1016/j.jot.2019.10.011

Dashtimoghadam, E., Fahimipour, F., Tongas, N., and Tayebi, L. (2020).
Microfluidic Fabrication of Microcarriers with Sequential Delivery of VEGF
and BMP-2 for Bone Regeneration. Sci. Rep. 10, 11764. doi:10.1038/s41598-
020-68221-w

Del Castillo-Santaella, T., Ortega-Oller, I., Padial-Molina, M., O’Valle, F., Galindo-
Moreno, P., Jódar-Reyes, A. B., et al. (2019). Formulation, Colloidal
Characterization, and In Vitro Biological Effect of BMP-2 Loaded PLGA
Nanoparticles for Bone Regeneration. Pharmaceutics 11, 388. doi:10.3390/
pharmaceutics11080388

Feng, X., Ma, L., Liang, H., Liu, X., Lei, J., Li, W., et al. (2020). Osteointegration of
3D-Printed Fully Porous Polyetheretherketone Scaffolds with Different Pore
Sizes. ACS Omega 5, 26655–26666. doi:10.1021/acsomega.0c03489

Feng, X., Yu, H., Liu, H., Yu, X., Feng, Z., Bai, S., et al. (2019). Three-
Dimensionally-Printed Polyether-Ether-Ketone Implant with a Cross-Linked
Structure and Acid-Etched Microporous Surface Promotes Integration with
Soft Tissue. Int. J. Mol. Med. 20, 3811. doi:10.3390/ijms20153811

Fukuda, N., Kanazawa, M., Tsuru, K., Tsuchiya, A., Sunarso, S., Toita, R., et al.
(2018). Synergistic Effect of Surface Phosphorylation and Micro-roughness on
Enhanced Osseointegration Ability of Poly(ether Ether Ketone) in the Rabbit
Tibia. Sci. Rep. 8, 10. doi:10.1038/s41598-018-35313-7

Gong, J., Schuurmans, C. C. L., Genderen, A. M., Cao, X., Li, W., Cheng, F., et al.
(2020a). Complexation-induced Resolution Enhancement of 3D-Printed
Hydrogel Constructs. Nat. Commun. 11, 1267. doi:10.1038/s41467-020-
14997-4

Gong, L., Chen, B., Zhang, J., Sun, Y., Yuan, J., Niu, X., et al. (2020b). Human ESC-
sEVs Alleviate Age-Related Bone Loss by Rejuvenating Senescent Bone
Marrow-Derived Mesenchymal Stem Cells. J. Extracell Vesicles 9, 1800971.
doi:10.1080/20013078.2020.1800971

Han, X., Sharma, N., Xu, Z., Scheideler, L., Geis-Gerstorfer, J., Rupp, F., et al.
(2019). An In Vitro Study of Osteoblast Response on Fused-Filament
Fabrication 3D Printed PEEK for Dental and Cranio-Maxillofacial Implants.
J. Clin. Med. 8, 16. doi:10.3390/jcm8060771

Huang, X., Cen, X., Sun, W., Xia, K., Yu, L., Liu, J., et al. (2019). CircPOMT1 and
circMCM3AP Inhibit Osteogenic Differentiation of Human Adipose-Derived
Stem Cells by Targeting miR-6881-3p. Am. J. Transl Res. 11, 4776–4788.

Huang, Z.,Wan, Y., Zhu, X., Zhang, P., Yang, Z., Yao, F., et al. (2021). Simultaneous
Engineering of Nanofillers and Patterned Surface Macropores of Graphene/
hydroxyapatite/polyetheretherketone Ternary Composites for Potential Bone
Implants. Mater. Sci. Eng. C-mater Biol. Appl. 123, 111967. doi:10.1016/j.msec.
2021.111967

Hughes, E. A. B., Parkes, A., Williams, R. L., Jenkins, M. J., and Grover, L. M.
(2018). Formulation of a Covalently Bonded Hydroxyapatite and Poly(ether
Ether Ketone) Composite. J. Tissue Eng. 9, 13. doi:10.1177/2041731418815570

Jiang, P., Zhang, Y., Hu, R., Wang, X., Lai, Y., Rui, G., et al. (2020). Hydroxyapatite-
modified Micro/nanostructured Titania Surfaces with Different Crystalline
Phases for Osteoblast Regulation. Bioact Mater. 6, 1118–1129. doi:10.1016/j.
bioactmat.2020.10.006

Ko, H., Lee, S., and Jho, J. (2021). Synthesis and Modification of Hydroxyapatite
Nanofiber for Poly(Lactic Acid) Composites with Enhanced Mechanical
Strength and Bioactivity. Nanomaterials 11, 213. doi:10.3390/nano11010213

Kohli, N., Sharma, V., Orera, A., Sawadkar, P., Owji, N., Frost, O. G., et al. (2021).
Pro-angiogenic and Osteogenic Composite Scaffolds of Fibrin, Alginate and
Calcium Phosphate for Bone Tissue Engineering. J. Tissue Eng. 12,
20417314211005610. doi:10.1177/20417314211005610

Lin, T., Wang, H., Cheng, W., Hsu, H., and Yeh, M. (2019). Osteochondral Tissue
Regeneration Using a Tyramine-Modified Bilayered PLGA Scaffold Combined
with Articular Chondrocytes in a Porcine Model. Int. J. Mol. Med. 20, 326.
doi:10.3390/ijms20020326

Lin, Y., Chen, C., Chou, L., Chen, C., Kang, L., and Wang, C. (2017). Enhancement
of Bone Marrow-Derived Mesenchymal Stem Cell Osteogenesis and New Bone
Formation in Rats by Obtusilactone A. Int. J. Mol. Med. 18, 2422. doi:10.3390/
ijms18112422

Ma, J., Zhao, N., and Zhu, D. (2016). Bioabsorbable Zinc Ion Induced Biphasic
Cellular Responses in Vascular Smooth Muscle Cells. Sci. Rep. 6, 26661. doi:10.
1038/srep26661

Pajoumshariati, S., Shirali, H., Yavari, S. K., Sheikholeslami, S. N., Lotfi, G.,
Mashhadi Abbas, F., et al. (2018). GBR Membrane of Novel Poly (Butylene
Succinate-Co-Glycolate) Co-polyester Co-polymer for Periodontal
Application. Sci. Rep. 8, 7513. doi:10.1038/s41598-018-25952-1

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org February 2022 | Volume 10 | Article 83128812

Wang et al. Hydroxyapatite Modified Polyetheretherketone for Osteointegration

https://doi.org/10.1038/s41598-019-54533-z
https://doi.org/10.1038/cddis.2017.429
https://doi.org/10.7150/thno.18193
https://doi.org/10.1016/j.polymertesting.2020.106518
https://doi.org/10.1016/j.polymertesting.2020.106518
https://doi.org/10.3390/molecules25040819
https://doi.org/10.3390/molecules25040819
https://doi.org/10.1016/j.jmbbm.2020.103730
https://doi.org/10.1098/rsif.2016.1057
https://doi.org/10.1016/j.jot.2019.10.011
https://doi.org/10.1038/s41598-020-68221-w
https://doi.org/10.1038/s41598-020-68221-w
https://doi.org/10.3390/pharmaceutics11080388
https://doi.org/10.3390/pharmaceutics11080388
https://doi.org/10.1021/acsomega.0c03489
https://doi.org/10.3390/ijms20153811
https://doi.org/10.1038/s41598-018-35313-7
https://doi.org/10.1038/s41467-020-14997-4
https://doi.org/10.1038/s41467-020-14997-4
https://doi.org/10.1080/20013078.2020.1800971
https://doi.org/10.3390/jcm8060771
https://doi.org/10.1016/j.msec.2021.111967
https://doi.org/10.1016/j.msec.2021.111967
https://doi.org/10.1177/2041731418815570
https://doi.org/10.1016/j.bioactmat.2020.10.006
https://doi.org/10.1016/j.bioactmat.2020.10.006
https://doi.org/10.3390/nano11010213
https://doi.org/10.1177/20417314211005610
https://doi.org/10.3390/ijms20020326
https://doi.org/10.3390/ijms18112422
https://doi.org/10.3390/ijms18112422
https://doi.org/10.1038/srep26661
https://doi.org/10.1038/srep26661
https://doi.org/10.1038/s41598-018-25952-1
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Pan, J. L., Shu, N., Sun, L., and Sun, H. (2015). Application of Avidin-Biotin
Technology to Improve Cell Adhesion on Nanofibrous Matrices.
J. Nanobiotechnol 13, 37. doi:10.1186/s12951-015-0096-2

Paraš, S., Trišić, D., Mitrović Ajtić, O., Prokić, B., Drobne, D., Živković, S., et al.
(2020). Toxicological Profile of Nanostructured Bone Substitute Based on
Hydroxyapatite and Poly(lactide-Co-Glycolide) after Subchronic Oral
Exposure of Rats. Nanomaterials 10, 918. doi:10.3390/nano10050918

Peters, E. N. (2017). Poly(phenylene Ether) Based Amphiphilic Block Copolymers.
Polymers 9, 433. doi:10.3390/polym9090433

Pujari-Palmer, S., Lu, X., and Karlsson Ott, M. (2017). The Influence of
Hydroxyapatite Nanoparticle Morphology on Embryonic Development in a
Zebrafish Exposure Model. Nanomaterials 7, 89. doi:10.3390/nano7040089

Shalumon, K. T., Kuo, C.-Y., Wong, C.-B., Chien, Y.-M., Chen, H.-A., and Chen, J.-
P. (2018). Gelatin/Nanohyroxyapatite Cryogel Embedded Poly(lactic-Co-
Glycolic Acid)/Nanohydroxyapatite Microsphere Hybrid Scaffolds for
Simultaneous Bone Regeneration and Load-Bearing. Polymers 10, 620.
doi:10.3390/polym10060620

Shuang, Y., Yizhen, L., Zhang, Y., Fujioka-Kobayashi, M., Sculean, A., and Miron,
R. J. (2016). In Vitro characterization of an Osteoinductive Biphasic Calcium
Phosphate in Combination with Recombinant BMP2. BMC Oral Health 17, 35.
doi:10.1186/s12903-016-0263-3

Sunarso, Tsuchiya, A., Toita, R., Tsuru, K., and Ishikawa, K. (2020). Enhanced
Osseointegration Capability of Poly(ether Ether Ketone) via Combined
Phosphate and Calcium Surface-Functionalization. Int. J. Mol. Med. 21, 13.
doi:10.3390/ijms21010198

Swaminathan, P. D., Uddin, M. N., Wooley, P., and Asmatulu, R. (2020). Fabrication
and Biological Analysis of Highly Porous PEEK Bionanocomposites Incorporated
with Carbon and Hydroxyapatite Nanoparticles for Biological Applications.
Molecules 25, 3572. doi:10.3390/molecules25163572

Tang, Y., Wu, C., Wu, Z., Hu, L., Zhang, W., and Zhao, K. (2017). Fabrication and
In Vitro Biological Properties of Piezoelectric Bioceramics for Bone
Regeneration. Sci. Rep. 7, 43360. doi:10.1038/srep43360

Tong, S. X., Xu, D. P., Liu, Z. M., Du, Y., and Wang, X. K. (2016). Synthesis of and
In Vitro and In Vivo Evaluation of a Novel TGF-β1-SF-CS Three-Dimensional
Scaffold for Bone Tissue Engineering. Int. J. Mol. Med. 38, 367–380. doi:10.
3892/ijmm.2016.2651

Torstrick, F. B., Lin, A. S. P., Potter, D., Safranski, D. L., Sulchek, T. A., Gall, K., et al.
(2018). Porous PEEK Improves the Bone-Implant Interface Compared to
Plasma-Sprayed Titanium Coating on PEEK. Biomaterials 185, 106–116.
doi:10.1016/j.biomaterials.2018.09.009

Vaezi, M., Black, C., Gibbs, D. M. R., Oreffo, R. O. C., Brady, M., Moshrefi-Torbati,
M., et al. (2016). Characterization of New PEEK/HA Composites with 3D HA
Network Fabricated by Extrusion Freeforming. Molecules 21, 687. doi:10.3390/
molecules21060687

Venkatraman, P., Bohmann, N., Gadalla, D., Rader, C., and Foster, E. J. (2021).
Microstructured Poly(ether-Ether-Ketone)-Hydroxyapatite Composites for
Bone Replacements. J. Compos. Mater. 55, 2263–2271. doi:10.1177/
0021998320983870

Wan, T., Jiao, Z., Guo, M., Wang, Z., Wan, Y., Lin, K., et al. (2020). Gaseous Sulfur
Trioxide Induced Controllable Sulfonation Promoting Biomineralization and
Osseointegration of Polyetheretherketone Implants. Bioact Mater. 5,
1004–1017. doi:10.1016/j.bioactmat.2020.06.011

Wei, Q., Holle, A., Li, J., Posa, F., Biagioni, F., Croci, O., et al. (2020). BMP-2
Signaling and Mechanotransduction Synergize to Drive Osteogenic
Differentiation via YAP/TAZ. Adv. Sci. 7, 1902931. doi:10.1002/advs.
201902931

Xie, L., Liu, N., Xiao, Y., Liu, Y., Yan, C., Wang, G., et al. (2020). In Vitro and In
Vivo Osteogenesis Induced by Icariin and Bone Morphogenetic Protein-2: A
Dynamic Observation. Front. Pharmacol. 11, 10. doi:10.3389/fphar.2020.01058

Yan, J., Wang, C., Li, K., Zhang, Q., Yang, M., Di-Wu, W., et al. (2018).
Enhancement of Surface Bioactivity on Carbon Fiber-Reinforced Polyether
Ether Ketone via Graphene Modification. Int. J. Nanomed 13, 3425–3440.
doi:10.2147/IJN.S160030

Zakrzewski, W., Dobrzynski, M., Nowicka, J., Pajaczkowska, M., Szymonowicz, M.,
Targonska, S., et al. (2020). The Influence of Ozonated Olive Oil-Loaded and
Copper-Doped Nanohydroxyapatites on Planktonic Forms of Microorganisms.
Nanomaterials 10, 21. doi:10.3390/nano10101997

Zhang, Y., Shen, L., Mao, Z., Wang, N., Wang, X., Huang, X., et al. (2017). Icariin
Enhances Bone Repair in Rabbits with Bone Infection during Post-infection
Treatment and Prevents Inhibition of Osteoblasts by Vancomycin. Front.
Pharmacol. 8, 784. doi:10.3389/fphar.2017.00784

Zhao, W., Li, Y., Zhou, A., Chen, X., Li, K., Chen, S., et al. (2020). Controlled
Release of Basic Fibroblast Growth Factor from a Peptide Biomaterial for Bone
Regeneration. R. Soc. Open Sci. 7, 191830. doi:10.1098/rsos.191830

Zhong, G., Vaezi, M., Mei, X., Liu, P., and Yang, S. (2019). Strategy for Controlling
the Properties of Bioactive Poly-Ether-Ether-Ketone/Hydroxyapatite
Composites for Bone Tissue Engineering Scaffolds. ACS Omega 4,
19238–19245. doi:10.1021/acsomega.9b02572

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wang, Qi, Liu, Zhu, Liu and Zhu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org February 2022 | Volume 10 | Article 83128813

Wang et al. Hydroxyapatite Modified Polyetheretherketone for Osteointegration

https://doi.org/10.1186/s12951-015-0096-2
https://doi.org/10.3390/nano10050918
https://doi.org/10.3390/polym9090433
https://doi.org/10.3390/nano7040089
https://doi.org/10.3390/polym10060620
https://doi.org/10.1186/s12903-016-0263-3
https://doi.org/10.3390/ijms21010198
https://doi.org/10.3390/molecules25163572
https://doi.org/10.1038/srep43360
https://doi.org/10.3892/ijmm.2016.2651
https://doi.org/10.3892/ijmm.2016.2651
https://doi.org/10.1016/j.biomaterials.2018.09.009
https://doi.org/10.3390/molecules21060687
https://doi.org/10.3390/molecules21060687
https://doi.org/10.1177/0021998320983870
https://doi.org/10.1177/0021998320983870
https://doi.org/10.1016/j.bioactmat.2020.06.011
https://doi.org/10.1002/advs.201902931
https://doi.org/10.1002/advs.201902931
https://doi.org/10.3389/fphar.2020.01058
https://doi.org/10.2147/IJN.S160030
https://doi.org/10.3390/nano10101997
https://doi.org/10.3389/fphar.2017.00784
https://doi.org/10.1098/rsos.191830
https://doi.org/10.1021/acsomega.9b02572
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Fabrication of In Situ Grown Hydroxyapatite Nanoparticles Modified Porous Polyetheretherketone Matrix Composites to Promote ...
	1 Introduction
	2 Materials and Methods
	2.1 Preparation of Porous PEEK
	2.1.1 Fabrication
	2.1.2 SEM Observation
	2.1.3 Density and Porosity
	2.1.4 Mechanical Strength

	2.2 Fabrication of Nanohydroxyapatite-Doped Porous PEEK
	2.2.1 Synthesis Process
	2.2.2 SEM Observation
	2.2.3 Water Contact Angle Test
	2.2.4 X-Ray Diffraction Analysis (XRD)
	2.2.5 Experiment Sizes of Samples

	2.3 In Vitro Assays
	2.3.1 Cytotoxicity Assay
	2.3.2 Cell Proliferation Activity
	2.3.3 Cell Adhesion Evaluation
	2.3.4 Cell Seeding Efficiency

	2.4 Osteogenic Differentiation in vitro
	2.4.1 Alkaline Phosphatase Activity
	2.4.2 Alizarin Red s Staining

	2.5 Osteogenic Assay in vivo
	2.5.1 Rat Tibial Defect Model
	2.5.2 Small Animal Microcomputed Tomography (μCT)
	2.5.3 Pull-Out Test
	2.5.4 Surface Patterns of Implants
	2.5.5 Histological and Immunohistochemical Analysis

	2.6 Data Analysis

	3 Results
	3.1 Material Characterization
	3.2 Cellular Compatibility
	3.3 In Vitro Osteogenic Differentiation Assays
	3.4 In Vivo Bone Integration

	4 Discussion
	5 Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


