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Polyetheretherketone (PEEK) has been used extensively in biomedical engineering
and it is highly desirable for PEEK implant to possess the ability to promote cell
growth and significant osteogenic properties and consequently stimulate bone
regeneration. In this study, a manganese modified PEEK implant (PEEK-PDA-Mn)
was fabricated via polydopamine chemical treatment. The results showed that
manganese was successfully immobilized on PEEK surface, and the surface
roughness and hydrophilicity significantly improved after surface modification.
Cell experiments in vitro demonstrated that the PEEK-PDA-Mn possesses superior
cytocompatibility in cell adhesion and spread. Moreover, the osteogenic
properties of PEEK-PDA-Mn were proved by the increased expression of
osteogenic genes, alkaline phosphatase (ALP), and mineralization in vitro.
Further rat femoral condyle defect model was utilized to assess bone
formation ability of different PEEK implants in vivo. The results revealed that
the PEEK-PDA-Mn group promoted bone tissue regeneration in defect area.
Taken together, the simple immersing method can modify the surface of PEEK,
giving outstanding biocompatibility and enhanced bone tissue regeneration ability
to the modified PEEK, which could be applied as an orthopedic implant in clinical.
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1 Introduction

Due to trauma, osteoporotic fractures or tumor resections in orthopedic field result in a
large number of patients needing bone grafts and surgical repair every year (Wang et al.,
2018; Geng et al., 2022). Existing bone repair materials include autogenous bone, allogeneic
bone and artificial bone graft materials. Artificial bone grafting materials have great promise
in medical field, but also face great challenges (Li et al., 2018). Artificial bone grafting
materials include metal, ceramic and polymer materials. Titanium and titanium alloy are
commonly employed metals as bone graft materials due to their superior biocompatibility,
corrosion resistance as well as flexibility. However, stress shielding phenomenon, wear,
corrosion and eventually implant migration of titanium and titanium alloy restrict the
development of clinical application of metal materials (Geng et al., 2021). Ceramic
biomaterials are expected to replace autogenous bone grafts. However, the excessive
brittleness and low strength of bioactive ceramic seriously affect their performance as
bone repair material (Gao et al., 2017). The functions of elastic modulus, bioactivity and
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osteogenic induction are the key to evaluating the properties of
biomaterials. The good elastic modulus makes the biomaterial and
bone tissue better match and avoids the stress shielding effect (de
Ruiter et al., 2021). In addition, good biological activity is conducive
to cell adhesion and proliferation on biomaterials surface (Sang
et al., 2022). The bone-inducing properties of biomaterials stimulate
the ability of osteogenesis and stimulate osteoblasts to form new
bone tissue (Qi et al., 2021).

At present, Polyetheretherketone (PEEK) is an excellent
candidate for repairing bone defects due to the superiority of
excellent biocompatibility, elastic modulus equivalent to natural
bone, chemical stability, X-ray permeability, and ease-of-
processing (Panayotov et al., 2016; Chen et al., 2022). PEEK has
been commonly applied in trauma and orthopedics, but its weak
osteogenic ability is the main factor affecting its long-term
stabilization and repair effect (Zhang et al., 2021). Because
natural PEEK is a biologically inert material, its surface needs to
be modified to promote its integration with adjacent bone tissue.
Enhancing the osteogenic activities of PEEK implants with surface
modification is an efficient method (Buck et al., 2020). Various
physical or chemical modification techniques could enhance the
osteogenic properties of PEEK by dispersing active metal ions on the
surface of the material to meet clinical use requirements. Sun et al.
(2021) reported that strontium modified 3D porous sulfonated
PEEK via hydrothermal treatment can enhance the adhesion,
alkaline phosphatase activity, secretory of collagen and
extracellular mineralization of osteoblasts in vitro. Deng et al.
(2018) proved that the preparation of double Ag/Zn ions
modified sulfonated PEEK by layer self-assembly strategy has
excellent antibacterial ability and biocompatibility, which
effectively suppressed the proliferation of Gram-positive and
Gram-negative bacteria, and enhanced the biocompatibility of
MG-63 cells and accelerates bone differentiation and maturation.

Manganese (Mn) has drawn increasing interest in a range of
biomedical applications given its promising biologically active
properties. As an essential trace element, manganese is related to
maintaining bone structure and regulating bone metabolism (Li
et al., 2021a). Studies have found that the absence of Mn element
during bone formation disrupts the dynamic equilibrium between
osteoclasts and osteoblasts and the content of chondroitin sulfate is
reduced, which leads to osteoporosis (Park et al., 2011). Human
osteoblast integrins have been shown to be activated by Mn, which
has dose-dependent effects on enhancing cell adhesion, proliferation
and diffusion (Cassari et al., 2022). Zhao et al. (2020) prepared a
manganese doped TiO2 microporous coating with good bone
integration effect, which has been proven through animal
experiments. Breno et al. reported that manganese-modified
bioactive glass has a broad variety of potential uses for
promoting bone tissue repair (Barrioni et al., 2019). Recently, Li
et al. (2021b) reported that manganese containing bioceramic
materials having the capacity to promote osteoblast
differentiation, scavenge reactive oxygen species (ROS) and
inhibit bone absorption might be the ideal choice for the therapy
of osteoporotic bone defect. These works suggest that adding
manganese to implants is an efficient strategy to impart
osteogenic activity to implants.

Several physical and chemical methods have been reported to
incorporate manganese into various surfaces of biomaterials to

promote osteogenic activity, such as micro-arc oxidation (MAO)
(Zhao et al., 2020), sol-gel method (Barrioni et al., 2019),
coprecipitation method (Li et al., 2021b), plasma immersion
ion implantation and deposition (PIII&D) technique (Yu
et al., 2017). However, most of these methods require
particular devices, complex operating procedures and
complicated reaction conditions, thus limiting their practical
application. Therefore, we wondered whether manganese ions
could be introduced into the PEEK surface in a simple and
environmentally friendly way to prepare implant materials
with the biological effect of promoting osteogenesis.
Polydopamine (PDA) is a kind of natural melanin with a
chemical structure similar to the mucin secreted by marine
mussels, in which the catechol group has strong adhesion
properties and polydopamine coatings can be bonded via
covalent and/or non-covalent bonding to the surface of
organic or inorganic materials with different properties (Lee
et al., 2009; Wang et al., 2021). Currently, the chemical
modification technology of polydopamine is widely used to
modify various biomaterials and provide an active platform
for the secondary modification of biomaterials (Lu et al., 2018;
Barros et al., 2021). Previous studies have shown that
polydopamine coatings can chelate active metal ions
(including Mg, Cu, and Zn) and be immobilized on the
surface of various biomaterials (Wang et al., 2017; Wang
et al., 2019; Wei et al., 2023).

In this study, the PEEK implant with hydrophilicity and
biological activity was enhanced by the chemical surface
modification of PDA and further chelation of manganese ions
(Figure 1). Therefore, three kinds of samples, pure PEEK
implant (PEEK), PEEK implant with PDA coating on surface
(PEEK-PDA) and PEEK implant doped with manganese ions
(PEEK-PDA-Mn) were prepared. In vitro study, various PEEKs
were co-cultured with MC3T3-E1 cells to evaluate the
cytocompatibility, cell adhesion and osteogenesis of various
PEEKs. In vivo study, PEEK-PDA-Mn implant was implanted
into the rat femoral bone defect model and the bone
regeneration capacity of various PEEKs was observed by
Micro-CT and histological analysis.

2 Materials and methods

2.1 Fabricating various PEEKs

PEEK discs with diameters of 5.8, 13, and 21.4 mmwere used for
in vitro cytological experiments. In addition, PEEK discs of size Φ
1.2 mm × 10 mm were applied for in vivo animal studies. Each type
of PEEK was purged using acetone, ethanol and deionized water in
turn with ultrasonic treatment. Finally, all PEEK were stored in a
dryer after drying at ambient temperature.

Firstly, dopamine (Sigma, United States) was added into Tris-
HCl solution (10 mM) at pH 8.5 to prepare dopamine solution
with a concentration of 2 mg mL−1. The PEEK was subsequently
soaked in dopamine solution over 12 h to prepare PDA-coated
PEEK (PEEK-PDA), and then cleaned with deionized water
under ultrasonication. Afterwards, the PEEK-PDA was dried
at room temperature and stored for further experiments.
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PEEK-PDA was treated with MnCl2 solution (1.25 mg/mL,
Yuanye, China) for 1 h to obtain Mn decorated PEEK-PDA
(PEEK-PDA-Mn). At last, all samples were cleaned with
deionized water, dried at room temperature and autoclaved
for the following experiments.

2.2 Characterization

The morphology and roughness of PEEK, PEEK-PDA and
PEEK-PDA-Mn surface were studied using scanning electron
microscope (SEM, S-3400, Hitachi, Japan) and atomic force
microscopy (AFM, XE-100, Park Systems, United States). The
chemical elements of various PEEKs were characterized using
energy dispersive X-ray spectroscopy (EDS, QX200, Bruker,
Germany). The hydrophilic property of various PEEKs was
measured by contact analysis system (DSA 25S, Kruss GmbH,
Germany); Three parallels were investigated for each group.

2.3 Mn ion release

Phosphate buffered solution (10 mL; PBS, Hyclone,
United States) was added to the PEEK-PDA-Mn sample and
incubated at 37°C for 1, 3, 5, 7,14, and 21 days without stirring.
These periods were selected based on the in vitro biocompatibility
tests. At each time point, inductively coupled plasma atomic
emission spectrometry (ICP-AES, Leeman, United States) was
used to quantify the Mn2+ release. Three parallels were
investigated for each test.

2.4 Cell culture

MC3T3-E1 cells (CRL-2594, Chinese Academy of Science,
China) were utilized to study the biocompatibility of various

PEEKs. MC3T3-E1 cells were cultivated in α-MEM (Gibco,
United States) supplied with 10 vt% FBS and 1 vt% penicillin/
streptomycin in a humid incubator at 37°C with 95% relative
humidity and 5% CO2 partial pressure.

2.5 Cell morphology observation

MC3T3-E1 cells of 1 × 104 cells/well were inoculated on
the surface of the various PEEKs in a 96-well plate for 24 h.
The cells were then washed by PBS (Hyclone, United States)
and incubated in glutaraldehyde (2.5%, Sigma, United States) in
a humid incubator at 37°C for 1 h. The cells were
cleaned with PBS 3 times, then sequentially dehydrated by
ethanol at graded concentrations (30%, 50%, 70%, 90%, and
100%). Each concentration lasted for 30 min. After being
treated with a critical point dryer (CPD030, Leica,
Germany) and iron sputtering (SC7620, Quorum
Technologies, UK), the cell morphology on various PEEKs was
examined by SEM.

2.6 Cell cytoskeletal observation

MC3T3-E1 cells of 2 × 104 cells/well were inoculated on
various PEEKs surfaces in 24-well plate for 24 h. Then, MC3T3-
E1 cells were rinsed with PBS, following 20-min fixation in 4%
paraformaldehyde (PFA, Sigma, MO) and PBS washing. After
that, 0.2% Triton X-100 (Sigma, United States) was applied to
MC3T3-E1 cells for 25 min and blocked with 0.1% bovine serum
albumin (BSA, Sigma, United States) for photoprotection at
ambient temperature. Finally, the cytoskeleton was stained
with 4′6-diamidino-2-phenylindole (DAPI, Beyotime, China)
and rhodamine-phalloidin (Molecular Probes, OR), and the
cytoskeleton was imaged with a fluorescence microscope
(AMG, United States).

FIGURE 1
Schematic diagram of the process used for preparation and evaluation of the PEEK-PDA-Mn materials.

Frontiers in Bioengineering and Biotechnology frontiersin.org03

Yang et al. 10.3389/fbioe.2023.1182187

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1182187


2.7 Cell viability assays

CCK-8 (CCK-8, Dojindo Laboratories, Japan) was utilized to
evaluate the cell viability on different PEEK surfaces. In 96-well
plates, the cells of 1 × 104 cells/well were pipetted on PEEK surface.
Following incubation for 1, 4, and 7 days, the culture medium’s
optical density (OD) was quantified with the CCK-8 method
utilizing a spectrophotometric microplate reader (Bio Rad 680,
United States), as per manufacturer’s instructions. The relative
growth rate of the cells was quantitatively determined by
formulation.

Relative RGR( ) � Optical density OD( )samples

Optical density OD( )blank × 100%

Where ODblank is the OD of blank control group (α-MEMmedium)
and ODsample is the OD of the samples.

2.8 Osteogenic genes expression

MC3T3-E1 cells of 1 × 105 cells/well were co-cultured on
various PEEKs in 6-well plates. After incubation for 7 and
14 days, cells on various PEEKs were lysed with TRIzol
reagent (Invitrogen, United States) to obtain total ribonucleic
acid (RNA), and the amount of the collected RNA was evaluated
with UV/VIS. Complementary deoxyribonucleic acid (DNA) is
prepared from 1 mg of collected RNA by the IScript™cDNA
Synthesis Kit. Primers for alkaline phosphatase (ALP),
osteopontin (OPN), dwarf related transcription factor 2
(Runx2), collagen-I (Col-Ⅰ) and osteocalcin (OCN) genes are
shown in Table 1. ABI Prism 7500 Thermal Cycles and
SsoAdvanced SYBR Green Supermix reagent (BIORAD
Technologies) were applied to evaluate the osteogenic
messenger RNA (mRNA) expression level. Using the ΔΔCt
method, relative expression was calculated and normalized to
β-Actin (housekeeping gene) expression.

2.9 ALP and alizarin red staining

MC3T3-E1 cells of 1 × 104 cells/well were cultured on PEEK
surface for 7 and 14 days, respectively. Following fixation by 4%
paraformaldehyde, the staining of the samples was performed using
ALP (Beyotime, China) and alizarin red staining kits (Cyagen)
according to the instructions. The stained samples were then
examined using a microscope. (DMi8, Leica, Germany).

2.10 Evaluating PEEK in vivo

The animal experiment was carried out following the NIH
guidelines, and permitted by the Institutional Animal Care and
Use Committee of Wannan Medical College (Anhui, China).
There were twelve 300–350 g male SD rats assigned into three
groups at random. Prior to surgery, rats were treated with
anesthesia and disinfection. The lateral femoral condyle of left
knee was exposed through a progressively slit. Then, the
longitudinal bone defect of the femoral condyle with 1.2 mm
diameter and 10 mm height was created on left side using a dental
drill. Finally, the autoclaved various PEEK was implanted into the
defect area, followed by suturing with 4-0 nylon. After 4 weeks,
all rats were euthanized by inhaling CO2 and samples were
harvested for micro-computed tomography (Micro-CT)
scanning and histological analysis.

2.11 Micro-CT analysis

Micro-CT (SkyScan 1176, SkyScan, Aartselaar, Belgium) was
utilized to observe the regenerated bone tissue around various
PEEKs under the fixed parameter conditions (385 mA, 65 kV and
AI filter of 1 mm). High-resolution 3D image was provided through
the manufacturer’s software (SkyScan CTVOX 2.1).

2.12 Histological analysis

After implantation for 4 weeks, all collected femur specimens
were fixed with 4% paraformaldehyde. Bone tissue was then
decalcified using 10% EDTA solution for 28 days. Then, the
samples were gently separated from the femur, and the femur
was progressively dehydrated by graded ethanol before being
covered in paraffin wax. The femur was machined into 5 μm
thick cross-section. Finally, the section was treated with
hematoxylin-eosin (H&E) and Masson staining. The stained
section was viewed and captured by a light microscope (Nikon
80i, Nikon, NY).

2.13 Statistical analysis

All data were analyzed by SPSS 20 statistical software (version
20.0) and significant differences were analyzed using ANOVA
with Tukey’s post-test. The data were expressed as mean ±

TABLE 1 The primer sequences.

Gene Forward (5′-3′) Reverse (5′-3′)

ALP Runx2 TATGTCTGGAACCGCACTGAAC ATCCAGCCACCTTCACTTACACC CGGGACCATTGGGAACTGATAGG ACTAGCAAGAAGAAGCCTTTGG

OPN GCGGTTCACTTTGAGGACAC TATGAGGCGGGGATAGTCTTT

ColⅠ CAGGCTGGTGTGATGGGATT CCAAGGTCTCCAGGAACACC

OCN AACGGTGGTGCCATAGATGC AGGACCCTCTCTCTGCTCAC

β-actin CTCATGCCATCCTGCGTCTG GGCAGTGGCCATCTCTTGCT
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FIGURE 2
(A) SEM images of PEEK, PEEK-PDA and PEEK-PDA-Mn. Scale bars, 50 μm. (B) 3D topographical AFM images of PEEK, PEEK-PDA and PEEK-PDA-Mn. Scale
bars, 10 μm. (C) EDS spectrum of PEEK, PEEK-PDA and PEEK-PDA-Mn.

FIGURE 3
(A) Representative pictures of water droplets on different PEEKs. (B)Water contact angles of PEEK, PEEK-PDA, and PEEK-PDA-Mn substrates. **p <
0.01 vs. PEEK. (C) Cumulative released concentrations of Mn2+ from PEEK-PDA-Mn samples for 1, 3, 5, 7, 14, and 21 days.
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standard deviation (SD) for n = 3 independent experiments
in vitro and n = 4 independent experiments in vivo. Within
each figure panel, p values on graphs are indicated as *P 0.05
(significant) and **P 0.01 (moderately significant), respectively.

3 Results

3.1 Material surface characterization

The morphology of various PEEKs surfaces was examined
through SEM (Figure 2A). The pure PEEK displayed smooth
surface morphology. In contrast, PEEK-PDA-Mn and PEEK-
PDA displayed rougher surface, suggesting that the surface
morphology of PEEK was changed through the surface
modification of polydopamine and manganese ions. AFM
further confirmed these morphological differences (Figure 2B).
The roughness (Rq) of pure PEEK significantly increased after
polydopamine treatment from 21.8 to 26.3 nm. After
incorporation of Mn, the Rq of PEEK-PDA-Mn increased to
34.7 nm. The EDS results demonstrated the successful
incorporation of Mn ions onto PEEK-PDA-Mn surface, as
evidenced by the existence of Mn elements in comparison to
PEEK-PDA and PEEK (Figure 2C). The successful coating of
PDA was ascribed to the EDS results that N was observed in the
other two groups except PEEK group. In a further, PEEK-PDA-
Mn group has 5.54% Mn2+ (w/w). The C signal detected in all
groups was primarily ascribed to PEEK and PDA. The surface
hydrophilicity of PEEK was changed by surface chemical
modification (Figures 3A, B). Compared to the hydrophilic
surface of PEEK (88.2° ± 1.66°), the contact angles of the
PEEK-PDA (51.63° ± 1.64°) and PEEK-PDA-Mn (56.73° ±
2.13°) decreased significantly, indicating that the PDA coating
considerably increased the hydrophilicity of PEEK surface.

3.2 Mn ions release

To investigate the release behavior of Mn2+, the amount of
released Mn2+ from PEEK-PDA-Mn was evaluated using ICP-
AES measurement (Figure 3C). In the test of the first 24 h, PEEK-
PDA-Mn samples released 10.92 ± 0.66 μg/mL of Mn2+. After
release for 7 days, about 28.39 ± 2.45 μg/mL of Mn2+ released

from the samples. A relatively fast Mn2+ release was observed in
the first 7 days and subsequently the release rate progressively
decreased. By the end of the ion release measurement, the final
concentration of Mn2+ reached 39.61 ± 3.31 μg/mL after being
immersed for 21 days.

3.3 Cell morphology

After 24 h of culture, MC3T3-E1 cells on various PEEKs
surface showed varied morphology (Figure 4). It is observed
that the cells on PEEK surface exhibited a relatively spherical
shape. However, the cells on PEEK-PDA-Mn and PEEK- PDA
surface showed a flatter, spread and irregular shape on the
material surface, indicating that the PDA coating on PEEK
surface improved its biocompatibility.

Fluorescence microscopy was utilized to view the cytoskeleton of
MC3T3-E1 cells (Figure 5). PEEK-PDA-Mn and PEEK-PDA
showed higher cell numbers on their surface than PEEK after
culturing for 24 h, possibly as a result of the PDA coating’s
enhanced biocompatibility. Additionally, MC3T3-E1 cells on
PEEK group did not fully spread, and most of them were round
or oval. There was a limited expression of F-actin in MC3T3-E1
cells. However, the cells on PEEK-PDA and PEEK-PDA-Mn surface
spread sufficiently with a certain spindle shape, and a large number
of lamellipodia and filopodia processes, indicating that PDA coating
could stimulate cell attachment and spread. Additionally, there was
no significant difference in cell morphology between PEEK-PDA
and PEEK-PDA-Mn surface, which was consistent with the SEM
results.

3.4 Cell viability

The biocompatibility of the PEEKs was quantified by CCK-8
assay (Figure 6A). MC3T3-E1 cells on various PEEKs surfaces
could proliferate stably without significant difference (p > 0.05)
after culturing for 1, 4, and 7 days. As illustrated in Figure 6B, the
relative growth rate of MC3T3-E1 cells on various PEEKs surface
were higher than 75% at each time point, indicating that
excellent biocompatibility of different modified PEEKs,
which was consistent with SEM images and cytoskeletal
staining results.

FIGURE 4
Cell morphology of MC3T3-E1 cells cultured on PEEK, PEEK-PDA, and PEEK-PDA-Mn substrates for 24 h, as observed using SEM. Scale bars, 50 μm.
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3.5 Osteogenesis evaluation

To evaluate the osteogenic activities of PEEK with different
modifications, RT-PCR was used to evaluate the expression level of
osteogenic genes, including ALP, Runx2, OPN, OCN, and Col-I
(Figure 7). After treatment of PEEK-PDA-Mn for 7 days, MC3T3-
E1 cells showed upregulated gene expression in OPN, Runx2, and
ALP. Moreover, the gene expression level of OCN and Col-I
increased after culturing for 14 days. However, MC3T3-E1 cells
cultured on PEEK without the modification of ions showed
unchanged expression levels in the five osteogenesis-related genes.

In this study, MC3T3-E1 cells were cultured for 7 and 14 days on
different PEEKs, then ALP and alizarin red staining were utilized to
evaluate the potential osteoinductive ability of PEEK with various
modifications (Figure 8). After 7 days, the cells incubated on PEEK-
PDA-Mn showed the highest ALP activity. After 14 days, the cells on

PEEK and PEEK-PDA groups exhibited a slightly intense alizarin
red staining, while a clearly intense stain was displayed on the PEEK-
PDA-Mn group, suggesting the excellent osteogenesis induction of
PEEK-PDA-Mn. Moreover, these staining results were supported by
the RT-PCR results.

3.6 Bone regeneration in vivo

The new bone formation ability of various PEEKs was evaluated
4 weeks after surgery. Figure 9A displays the reconstruction images
of the femoral condyle defects implanted with the samples. The
images indicated that small amounts of newly generated bones were
found at the implant interfaces of PEEK-PDA and PEEK. In
contrast, the highest amount of newly generated bones appeared
at the interface of PEEK-PDA-Mn group. Figure 9B shows the

FIGURE 5
Fluorescent images of MC3T3-E1 cells cultured on different PEEKs for 24 h with actin stained with phalloidin (red) and nuclei stained with DAPI
(blue), as observed using fluorescence microscope. Scale bars, 400 μm.

FIGURE 6
(A) OD values in CCK-8 tests of MC3T3-E1 cells cultured on PEEK, PEEK-PDA, and PEEK-PDA-Mn substrates for different times. (B) RGR values of
MC3T3-E1 cells cultured on PEEK, PEEK-PDA, and PEEK-PDA-Mn substrates for different times.
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quantification of bone formation of the samples. PEEK and PEEK-
PDA exhibited the lowest bone volume fraction (BV/TV), PEEK-
PDA-Mn exhibited the highest BV/TV. These results were ascribed
to the osteogenic activities of manganese ions, and supported by the
in vitro experiments.

After implantation with various PEEK implants, the H&E and
Masson staining were utilized to evaluate newly formed bone and
collagen tissue in the rat femur (Figure 10). Four weeks after surgery,
H&E staining displayed that abundant newly generated bones with
decreased fibrous tissue appeared on the interface between the
peripheral tissue and PEEK-PDA-Mn materials (red arrow). In
contrast, limited newly generated bones can be seen in the
interface between PEEK and PEEK-PDA groups. Additionally,
Masson staining exhibited that the interface between the
implanted material and peripheral organization in PEEK and
PEEK-PDA groups was full of a small amount of collagen tissue.

However, the largest collagen tissue was seen in the PEEK-PDA-Mn
group (red arrow), which was in accordance with the micro-CT
results. These results indicated that PEEK-PDA-Mn possessed
satisfactory properties in promoting bone regeneration in vivo.

4 Discussion

Due to various orthopedic diseases including trauma, infection,
degeneration, tumor, etc. and their complications, bone defects are
still major clinical challenges (Wang et al., 2018; Qi et al., 2021).
There is an increasing demand for functional bone graft techniques
worldwide. About $45 billion is annually spent on treating patients
with bone-related diseases, which includes 1.6 million trauma-
caused fractures and two million osteoporosis-related defects
(O’Keefe and Mao, 2011). About 1.6 million patients receive

FIGURE 7
Osteogenic genes expression of MC3T3-E1 cells on various surfaces detected by RT-PCR at 7 and 14 days. **p < 0.01 and *p < 0.05 vs. PEEK; ##p <
0.01 and #p < 0.05 vs. PEEK-PDA.

FIGURE 8
ALP staining and Alizarin Red staining of mineralized-ECM nodules produced by MC3T3-E1 cells at 7 and 14 days, respectively. Scale bars, 100 μm.
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bone transplantation repair surgery in the United States every year,
costing about 2.5 billion dollars (Bharadwaz and Jayasuriya, 2020).
The high rate of complications and reoperations, combined with
functional deficits that limit these injuries, has profound clinical and
economic implications (Nauth et al., 2018). Although bone tissue
has the inherent potential of morphological and functional
regeneration after injury, it will be disturbed by many

pathological conditions. Currently, autologous bone, allograft
bone, and xenografts are the main treatments for bone defects;
each has benefits and drawbacks of its own. Autogenous bone has
traditionally been regarded as the “gold standard,” which needs to
collect bone from the patient and grafting to the damaged area of the
same patient for bone repair (Garcia-Gareta et al., 2015).
Nevertheless, autologous bone transplantation has many
shortcomings, including limited available amount for
transplantation, chronic pain, high incidence rate of donor area,
secondary injury and infection, which affect the surgical effect (Du
et al., 2018). Compared with autologous bone transplantation, the
bone supply of allograft bone transplantation comes from the donor,
which can be made into various sizes according to the clinical use
needs, and there is no incidence rate of donor site (Noori et al.,
2017). However, the risk of transmission of various infections is high
and there is a possible immune response. Except for this, biologically
inert materials like alumina, stainless steel, titanium alloys and
polymethyl methacrylate, etc. are also employed for bone repair
surgery (Noori et al., 2017; Gu et al., 2022). However, these materials
may be encapsulated by fibrous tissue after implantation and fail to
form integration with the host bone (Noori et al., 2017). In addition,
the “stress shielding” effect caused by mismatched stiffness among
the host bone and the implanted material leads to local osteoclast
production and implant loosening, which limits its clinical use (Qi
et al., 2021; Wang et al., 2022). Bone defect repair is a serious
problem, which needs specific and expensive management.
Therefore, the limitations of the current clinical treatment of
bone defects require new treatment strategies with the aim of
building biomaterials for repairing damaged bones, so as to
reduce the complexity of the surgery, accelerate bone
regeneration and improve the prognosis of patients.

Herein, the surface PEEK material containing manganese ions
with excellent biocompatibility and promoting osteogenic activity
was prepared by chemical modification of polydopamine. The

FIGURE 9
(A) Reconstructed Micro-CT images of new bone formation represented around various PEEK implants at 4 weeks after surgery. (B) Bone volume
fraction (BV/TV) of the three groups obtained from analysis of the Micro-CT data (n = 4). **p < 0.01 vs. PEEK and ##p < 0.01 vs. PEEK-PDA.

FIGURE 10
H&E and Masson’s trichrome staining of tissues surrounding
various implants at 4 weeks post implantation. Scale bars, 100 μm.
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biocompatibility and promoting osteogenic effect of PEEK materials
were improved from both surface microstructure and local release
induction. In terms of surface microstructure, hydrophilic surface
and increased roughness of the polydopamine coating treatment can
enhance biocompatibility of biomaterials, which is expected to
promote cell adhesion and spreading. Previous studies reported
that PDA coating improves the hydrophilicity and roughness of
substrates and induces cell adhesion and growth (Jun et al., 2014;
Huang et al., 2016; Ejeian et al., 2020). Regarding material
composition, manganese ions with osteogenic activity were added
on PEEK material surface, and the differentiation and proliferation
of osteoblasts were further promoted through the release of
manganese ions in the local microenvironment. EDS results
confirm that Mn ions are anchored on the PDA coating through
coordination and it is observed that manganese ions are
continuously released from PEEK-PDA-Mn for 21 days by ICP-
AES (Figures 2C, 3C). In this situation, the PDA coating avoids the
explosive release of manganese ions, and can achieve its function of
promoting bone tissue repair for a long time.

Evaluating the biocompatibility of coatings is as critical as
evaluating the coatings’ potential in biomedical applications.
Manganese is a crucial nutrient for intracellular activities and the
average bone content was 1.7–3 PPM (Chen et al., 2018; Szurkowska
et al., 2019). The beneficial mechanisms of manganese ions on bone
metabolism include stimulation of osteocalcin, increase of ALP
activity and production of Col-I (Huang et al., 2013; Szurkowska
et al., 2019). Manganese has been proposed to play an important part
in maintaining normal bone mass, and inhibiting bone loss in
ovariectomized (Torres et al., 2014), which indicates its lack as a
possible cause of osteoporosis (Bae and Kim, 2008; Szurkowska et al.,
2019). However, in the study of osteoblasts in vitro, when the
manganese content is 1wt%, the cell viability can be sharply
reduced (Paluszkiewicz et al., 2010). In this study, we assessed
the biocompatibility in vitro of various PEEKs utilizing MC3T3-
E1 cells. It is crucial for cells to connect to the implant surface at
early stage since it will influence later proliferation and
differentiation of cells. The scanning electron microscopy and
cytoskeletal observation results exhibited significant differences in
the number as well as skeletal structure of MC3T3-E1 cells on
various PEEKs surfaces (Figures 4, 5). The cell number on PEEK-
PAD-Mn and PEEK-PDA surface were markedly higher in
comparison to PEEK. Moreover, cell adhesion and spreading
were improved in PEEK-PAD-Mn and PEEK-PDA cultured
MC3T3-E1 cells compared to PEEK group, as evidenced by
increased cell amount and irregular cell morphology, as well as
the large number of lamellipodia and filopodia processes. These
were ascribed to the improved surface characteristics including
surface roughness and hydrophilicity as a result of PDA chemical
modification (Huang et al., 2016; Ejeian et al., 2020). In addition, no
significant difference in OD values was seen between various PEEKs,
indicating the good biocompatibility of various PEEKs (Figure 6).
Additionally, all of the PEEKs were well biocompatible with
MC3T3-E1 cells at all culture times, as shown by RGR values
that were higher than 75%. The Mn2+ exhibit concentration-
dependent toxic effects on cells. For example, Luthen et al.
discovered that ALP and Col-I mRNA expression levels were
decreased and cytotoxicity was seen at high concentrations of
manganese ions (>0.1 mM) (Luthen et al., 2007). Wang et al.

(2021) reported that MC3T3-E1 cells did not exhibit any obvious
cytotoxicity when exposed to Mn2+ (up to 50 g/mL) released from
Mn-decorated biomaterials. In our study, ICP-AES was utilized to
measure the release of Mn2+, and the maximum amount of Mn2+

measured at 21 days was 39.61 ± 3.31 μg/mL, which is consistent
with the above research results. Therefore, the results above offered a
compelling basis to support the good biocompatibility of PEEK-
PDA-Mn coatings.

The ideal orthopedic implant requires osteogenic activity to
allow bone tissue to grow in to stabilize the prosthesis. Without
osteogenic activity, implants may face poor deposition of new
bone tissue and subsequent aseptic loosening (Raphel et al.,
2016). To determine the molecular mechanisms that promote
osteogenic differentiation of MC3T3-E1 cells cultured on various
PEEKs, the expression of osteogenic genes was investigated
through RT-PCR. The expression levels of osteogenic genes in
PEEK-PDA-Mn group were higher (Figure 7) in contrast to PEEK
and PEEK-PDA groups. It is crucial for orthopedic implant to
have the ability to induce cells to mineralize matrix and nodules.
Thus, we evaluated the mineralization on MC3T3-E1 cells that
incubated with various PEEK by ALP and alizarin red staining
(Figure 8). After 7 days, PEEK-PDA-Mn exhibited higher ALP
activity compared to that of PEEK-PDA and PEEK. Furthermore,
after 14 days, MC3T3-E1 cells cultivated with PEEK-PDA-Mn
exhibited more calcium nodules in comparison to PEEK-PDA
and PEEK. The alizarin red and ALP staining results were
consistent with the PCR results. The upregulated expression of
ALP gene is essential to phosphate formation, which helps to
bone formation (Zhu et al., 2019). This may explain the results
that MC3T3-E1 cells cultured on PEEK-PDA-Mn showed the
highest expression level of ALP. In addition, enhanced expression
of OCN gene, which serves as a later marker of osteoblast
differentiation, suggests that PEEK-PDA-Mn promotes and
maintains bone nodules formation (Yu et al., 2020). This could
answer why there are more calcium nodules on PEEK-PDA-Mn
surface. This was also supported by a considerable number of
earlier investigations have demonstrated that Mn2+ as an additive
can be used to modify various biomaterials to produce biological
activity of promoting osteogenic (Barrioni et al., 2019; Zhao et al.,
2020; Wang et al., 2021). Therefore, these results indicate that
PEEK-PDA-Mn is superior to PEEK and PEEK-PDA in
promoting osteogenesis.

New orthopedic implants require efficient in vivo evaluation tools
and methods for research and development. Animal models can
simulate microenvironment of bone growth, and have significant
advantages in assessing the osteogenic properties of materials (Lin
et al., 2017). Moreover, animal models are an indispensable bridge
between laboratory and clinical trials. Osseointegration was defined
as the direct functional and structural connection between the inner
plant surface and bone tissue (Albrektsson and Albrektsson, 1987).
An effective osseointegration is crucial to the long-term maintenance
of prosthesis. Here, we chose the intramedullary implantation
method to assess the bone integration ability of the implant in
vivo. At present, most animal studies begin to observe the
osteogenesis of the implant in vivo 1 month after surgery (Lin
et al., 2017). In comparison to X-ray photography, micro-CT
analysis provides a quantitative assessment of bone formation in
three dimensions and may acquire a depth picture of bone growth
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regions to track the evolution of osteogenesis. 3D reconstruction of
scan data through imaging processing and quantitative measurement
and analysis of ROI (such as volume, relative density, etc.) software
allows researchers to accurately compare bone growth. Therefore,
despite the high cost, Micro-CT has been widely employed in bone
tissue-related studies (Odekerken et al., 2013; Lin et al., 2017).
Figure 9 showed the Micro-CT results of newly formed bone. The
results showed that the BV/TV of PEEK-PDA-Mn was significantly
higher in comparison to PEEK and PEEK-PDA groups after surgery
for 4 weeks, which was consistent with the results thatMn-containing
biomaterials promote osteogenesis in vivo (Barrioni et al., 2019; Zhao
et al., 2020; Wang et al., 2021). Because it offers clear and
comprehensive data of osteogenesis, histological analysis is the
most common method of assessment. At present, Masson and
H&E staining are widely used to study osteogenesis (Odekerken
et al., 2013; Lin et al., 2017). After implantation for 4 weeks, the
interface among the implanted material and peripheral organization
in PEEK and PEEK-PDA groups was filled by a modest quantity
of newly produced bone and collagen tissue, according to histological
analysis using Masson and H&E staining. However, the PEEK-PDA-
Mn group showed the biggest amounts of newly formed mature
bone and collagen (Figure 10). Taken together, the animal model of
bone defect with implant integration suggested that the PEEK-PDA-
Mn possessed an excellent capacity to stimulate osseointegration
in vivo.

The results of the experiments in vitro and in vivo showed that
PEEK-PDA-Mn has good biocompatibility and enhanced bone
integration. For PEEK to be used in orthopedic and tissue
engineering scaffolds going forward, this study offers an
experimental and theoretical foundation. Additionally, the
universality of the mussel adhesion process that is mirrored in
our approach might offer a broad surface bioengineering technique
for a wider variety of biomedical implants.

5 Conclusion

In this study, a PDA adhesion coating method was used to
successfully immobilize manganese on the PEEK surface via a PDA
adhesion coating approach. By adding PDA and manganese, the
surface characteristics (e.g., roughness and hydrophilicity) and
biocompatibility of the PEEK-PDA-Mn groups were markedly
improved. According to the results of osteogenic genes
expression, ALP and mineralization indicate that manganese
immobilization can considerably enhance MC3T3-E1 cells’ ability
to differentiate into osteoblasts in vitro. The ability of the various
PEEK implants to promote in vivo new bone growth was assessed
using a rat model of femoral condyle bone deficiency. TheMicro-CT
and histological analysis results suggested that the PEEK-PDA-Mn
implants exhibited a promising ability in promoting bone tissue
regeneration in defect area.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee of Wannan Medical College.

Author contributions

XY: Methodology, investigation, writing—original draft. SX:
Methodology, writing—original draft. JZ: Methodology,
writing—original draft. YZ: Methodology, formal analysis. HH:
Methodology, formal analysis. PC: Investigation, formal analysis.
CL: Investigation, formal analysis. QW: Resources, funding
acquisition, conceptualization, writing—review and editing. ZS:
Conceptualization, resources, funding acquisition,
writing—review and editing. LW: Conceptualization, resources,
funding acquisition, writing—review and editing.

Funding

This work was supported in part by the Special Scientific
Research Fund for Introducing Talents in Yijishan Hospital
(YR201908) and Natural Science Key project of Education
Department of Anhui Province (KJ2021A0830). Natural Science
Major Program of Education Department of Anhui Province
(2022AH040170).

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.

References

Albrektsson, T., and Albrektsson, B. (1987). Osseointegration of bone implants - a
review of an alternative mode of fixation. Acta Orthop. Scand. 58 (5), 567–577. doi:10.
3109/17453678709146401

Bae, Y. J., and Kim, M. H. (2008). Manganese supplementation improves mineral
density of the spine and femur and serum osteocalcin in rats. Biol. Trace Elem. Res. 124
(1), 28–34. doi:10.1007/s12011-008-8119-6

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Yang et al. 10.3389/fbioe.2023.1182187

https://doi.org/10.3109/17453678709146401
https://doi.org/10.3109/17453678709146401
https://doi.org/10.1007/s12011-008-8119-6
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1182187


Barrioni, B. R., Norris, E., Li, S. W., Naruphontjirakul, P., Jones, J. R., and Pereira,
M. D. (2019). Osteogenic potential of sol-gel bioactive glasses
containing manganese. J. Mater. Sci.-Mater. Med. 30 (7), 86. doi:10.1007/s10856-
019-6288-9

Barros, N. R., Chen, Y., Hosseini, V., Wang, W. Y., Nasiri, R., Mahmoodi, M., et al.
(2021). Recent developments in mussel-inspired materials for biomedical applications.
Biomater. Sci. 9 (20), 6653–6672. doi:10.1039/d1bm01126j

Bharadwaz, A., and Jayasuriya, A. C. (2020). Recent trends in the application of
widely used natural and synthetic polymer nanocomposites in bone tissue
regeneration. Mater. Sci. Eng. c-mater. Biol. Appl. 110, 110698. doi:10.1016/j.
msec.2020.110698

Buck, E., Li, H., and Cerruti, M. (2020). Surface modification strategies to improve the
osseointegration of poly(etheretherketone) and its composites.Macromol. Biosci. 20 (2),
e1900271. doi:10.1002/mabi.201900271

Cassari, L., Brun, P., Di Foggia, M., Taddei, P., Zamuner, A., Pasquato, A., et al.
(2022). Mn-Containing bioactive glass-ceramics: BMP-2-mimetic peptide covalent
grafting boosts human-osteoblast proliferation and mineral deposition. Materials 15
(13), 4647. doi:10.3390/ma15134647

Chen, J. F., Cao, G. X., Li, L. H., Cai, Q., Dunne, N., and Li, X. M. (2022). Modification
of polyether ether ketone for the repairing of bone defects. Biomed. Mater. 17 (4),
042001. doi:10.1088/1748-605X/ac65cd

Chen, P., Bornhorst, J., and Aschner, M. (2018). Manganese metabolism in humans.
Front. Biosci. 23, 1655–1679. doi:10.2741/4665

de Ruiter, L., Rankin, K., Browne, M., Briscoe, A., Janssen, D., and Verdonschot, N.
(2021). Decreased stress shielding with a PEEK femoral total knee prosthesis measured
in validated computational models. Biomech. J. 118, 110270. doi:10.1016/j.jbiomech.
2021.110270

Deng, Y., Yang, L., Huang, X. B., Chen, J. H., Shi, X. Y., Yang, W. Z., et al. (2018).
Dual Ag/ZnO-decorated micro-/nanoporous sulfonated polyetheretherketone
with superior antibacterial capability and biocompatibility via layer-by-layer
self-assembly strategy. Macromol. Biosci. 18 (7), e1800028. doi:10.1002/mabi.
201800028

Du, X. Y., Fu, S. Y., and Zhu, Y. F. (2018). 3D printing of ceramic-based scaffolds for
bone tissue engineering: An overview. J. Mat. Chem. B 6 (27), 4397–4412. doi:10.1039/
c8tb00677f

Ejeian, F., Razmjou, A., Nasr-Esfahani, M. H., Mohammad, M., Karamali, F.,
Warkiani, M. E., et al. (2020). <p&gt;ZIF-8 modified polypropylene membrane: A
biomimetic cell culture platform with a view to the improvement of guided
bone regeneration</p&gt;. Int. J. Nanomed. 15, 10029–10043. doi:10.2147/IJN.
S269169

Gao, C. D., Feng, P., Peng, S. P., and Shuai, C. J. (2017). Carbon nanotube, graphene
and boron nitride nanotube reinforced bioactive ceramics for bone repair. Acta
Biomater. 61, 1–20. doi:10.1016/j.actbio.2017.05.020

Garcia-Gareta, E., Coathup, M. J., and Blunn, G. W. (2015). Osteoinduction of bone
grafting materials for bone repair and regeneration. Bone 81, 112–121. doi:10.1016/j.
bone.2015.07.007

Geng, Z., Li, X. P., Ji, L. L., Li, Z. Y., Zhu, S. L., Cui, Z. D., et al. (2021). A novel snail-
inspired bionic design of titanium with strontium-substituted hydroxyapatite coating
for promoting osseointegration. J. Mater. Sci. Technol. 79, 35–45. doi:10.1016/j.jmst.
2020.11.041

Geng, Z., Sang, S., Wang, S. C., Meng, F. Y., Li, Z. Y., Zhu, S. L., et al. (2022).
Optimizing the strontium content to achieve an ideal osseointegration through
balancing apatite-forming ability and osteogenic activity. Biomater. Adv. 133,
112647. doi:10.1016/j.msec.2022.112647

Gu, Y. F., Sun, Y., Shujaat, S., Braem, A., Politis, C., and Jacobs, R. (2022). 3D-printed
porous Ti6Al4V scaffolds for long bone repair in animal models: A systematic review.
J. Orthop. Surg. Res. 17 (1), 68. doi:10.1186/s13018-022-02960-6

Huang, S. S., Liang, N. Y., Hu, Y., Zhou, X., and Abidi, N. (2016). Polydopamine-
assisted surface modification for bone biosubstitutes. Biomed. Res. Int. 2016, 1–9. doi:10.
1155/2016/2389895

Huang, Y., Ding, Q. Q., Han, S. G., Yan, Y. J., and Pang, X. F. (2013). Characterisation,
corrosion resistance and in vitro bioactivity of manganese-doped hydroxyapatite films
electrodeposited on titanium. J. Mater. Sci.-Mater. Med. 24 (8), 1853–1864. doi:10.1007/
s10856-013-4955-9

Jun, D. R., Moon, S. K., and Choi, S. W. (2014). Uniform polydimethylsiloxane beads
coated with polydopamine and their potential biomedical applications. Colloid Surf.
B-Biointerfaces 121, 395–399. doi:10.1016/j.colsurfb.2014.06.027

Lee, H., Rho, J., and Messersmith, P. B. (2009). Facile conjugation of biomolecules
onto surfaces via mussel adhesive protein inspired coatings. Adv. Mater. 21 (4),
431–434. doi:10.1002/adma.200801222

Li, J. M., Deng, C. J., Liang, W. Y., Kang, F., Bai, Y., Ma, B., et al. (2021). Mn-
containing bioceramics inhibit osteoclastogenesis and promote osteoporotic bone
regeneration via scavenging ROS. Bioact. Mater. 6 (11), 3839–3850. doi:10.1016/j.
bioactmat.2021.03.039

Li, Y., Pan, Q., Xu, J. K., He, X., Li, H. A., Oldridge, D. A., et al. (2021). Overview
of methods for enhancing bone regeneration in distraction osteogenesis:

Potential roles of biometals. J. Orthop. Transl. 27, 110–118. doi:10.1016/j.jot.
2020.11.008

Li, Y., Ye, D. W., Li, M. X., Ma, M., and Gu, N. (2018). Adaptive materials based on
iron oxide nanoparticles for bone regeneration. Chemphyschem 19 (16), 1965–1979.
doi:10.1002/cphc.201701294

Lin, X., Yang, S. F., Lai, K., Yang, H. L., Webster, T. J., and Yang, L. (2017). Orthopedic
implant biomaterials with both osteogenic and anti-infection capacities and associated
in vivo evaluation methods. Nanomed.-Nanotechnol. Biol. Med. 13 (1), 123–142. doi:10.
1016/j.nano.2016.08.003

Lu, M., and Yu, J. S. (2018). “Mussel-inspired biomaterials for cell and tissue
engineering,” in Novel biomaterials for regenerative medicine. Editors H. J. Chun,
K. Park, C. H. Kim, and G. Khang (Singapore: Springer-Verlag Singapore Pte Ltd),
451–474.

Luthen, F., Bulnheim, U., Mueller, P. D., Rychly, J., Jesswein, H., and Nebe, J. G. B.
(2007). Influence of manganese ions on cellular behavior of human osteoblasts in vitro.
Biomol. Eng. 24 (5), 531–536. doi:10.1016/j.bioeng.2007.08.003

Nauth, A., Schemitsch, E., Norris, B., Nollin, Z., andWatson, J. T. (2018). Critical-size
bone defects: Is there a consensus for diagnosis and treatment? J. Orthop. Trauma 32,
S7–S11. doi:10.1097/BOT.0000000000001115

Noori, A., Ashrafi, S. J., Vaez-Ghaemi, R., Hatamian-Zaremi, A., and Webster, T. J.
(2017). A review of fibrin and fibrin composites for bone tissue engineering. Int.
J. Nanomed. 12, 4937–4961. doi:10.2147/IJN.S124671

O’Keefe, R. J., and Mao, J. (2011). Bone tissue engineering and regeneration: From
discovery to the clinic—an overview. Tissue Eng. Part b-rev. 17 (6), 389–392. doi:10.
1089/ten.teb.2011.0475

Odekerken, J. C. E., Arts, J. J. C., Surtel, D. A. M., Walenkamp, G., and Welting, T.
J. M. (2013). A rabbit osteomyelitis model for the longitudinal assessment of early post-
operative implant infections. J. Orthop. Surg. Res. 8, 38. doi:10.1186/1749-799X-8-38

Paluszkiewicz, C., Slosarczyk, A., Pijocha, D., Sitarz, M., Bucko, M., Zima, A., et al.
(2010). Synthesis, structural properties and thermal stability of Mn-doped
hydroxyapatite. J. Mol. Struct. 976 (1-3), 301–309. doi:10.1016/j.molstruc.2010.04.001

Panayotov, I. V., Orti, V., Cuisinier, F., and Yachouh, J. (2016). Polyetheretherketone
(PEEK) for medical applications. J. Mater. Sci.-Mater. Med. 27 (7), 118. doi:10.1007/
s10856-016-5731-4

Park, J. W., Kim, Y. J., and Jang, J. H. (2011). Surface characteristics and in vitro
biocompatibility of a manganese-containing titanium oxide surface. Appl. Surf. Sci. 258
(2), 977–985. doi:10.1016/j.apsusc.2011.09.053

Qi, J. Q., Yu, T. Q., Hu, B. Y., Wu, H. W., and Ouyang, H. W. (2021). Current
biomaterial-based bone tissue engineering and translational medicine. Int. J. Mol. Sci. 22
(19), 10233. doi:10.3390/ijms221910233

Raphel, J., Holodniy, M., Goodman, S. B., and Heilshorn, S. C. (2016).
Multifunctional coatings to simultaneously promote osseointegration and
prevent infection of orthopaedic implants. Biomaterials 84, 301–314. doi:10.
1016/j.biomaterials.2016.01.016

Sang, S., Wang, S. J., Yang, C., Geng, Z., and Zhang, X. L. (2022). Sponge-inspired
sulfonated polyetheretherketone loaded with polydopamine-protected osthole
nanoparticles and berberine enhances osteogenic activity and prevents implant-
related infections. Chem. Eng. J. 437, 135255. doi:10.1016/j.cej.2022.135255

Sun, Y. X., Liu, X. D., Tan, J., Lv, D., Song, W. G., Su, R., et al. (2021). Strontium
ranelate incorporated 3D porous sulfonated PEEK simulating MC3T3-E1 cell
differentiation. Regen. Biomater. 8 (1), rbaa043. doi:10.1093/rb/rbaa043

Szurkowska, K., Drobniewska, A., and Kolmas, J. (2019). Dual doping of silicon and
manganese in hydroxyapatites: Physicochemical properties and preliminary biological
studies. Materials 12 (16), 2566. doi:10.3390/ma12162566

Torres, P. M. C., Vieira, S. I., Cerqueir, A. R., Pina, S., Silva, O., Abrantes, J. C. C., et al.
(2014). Effects of Mn-doping on the structure and biological properties of beta-
tricalcium phosphate. J. Inorg. Biochem. 136, 57–66. doi:10.1016/j.jinorgbio.2014.03.013

Wang, L., He, H. Z., Yang, X., Zhang, Y. C., Xiong, S. L., Wang, C., et al. (2021).
Bimetallic ions regulated PEEK of bone implantation for antibacterial and osteogenic
activities. Mater. Today Adv. 12, 100162. doi:10.1016/j.mtadv.2021.100162

Wang, L., Shang, X. F., Hao, Y. F., Wan, G. Y., Dong, L. J., Huang, D. G., et al. (2019).
Bi-functional titanium-polydopamine-zinc coatings for infection inhibition and
enhanced osseointegration. RSC Adv. 9 (6), 2892–2905. doi:10.1039/c8ra09112a

Wang, L., Yang, X., Cao, W. W., Shi, C., Zhou, P. H., Li, Q., et al. (2017). Mussel-
inspired deposition of copper on titanium for bacterial inhibition and enhanced
osseointegration in a periprosthetic infection model. RSC Adv. 7 (81), 51593–51604.
doi:10.1039/c7ra10203h

Wang, R., Ni, S. L., Ma, L., and Li, M. H. (2022). Porous construction and surface
modification of titanium-based materials for osteogenesis: A review. Front. Bioeng.
Biotechnol. 10, 973297. doi:10.3389/fbioe.2022.973297

Wang, Y., Geng, Z., Huang, Y. C., Jia, Z. J., Cui, Z. D., Li, Z. Y., et al. (2018).
Unraveling the osteogenesis of magnesium by the activity of osteoblasts in vitro.
J. Mater. Chem. B 6 (41), 6615–6621. doi:10.1039/c8tb01746h

Wei, X. H., Zhou, W. H., Tang, Z., Wu, H., Liu, Y. C., Dong, H., et al. (2023).
Magnesium surface-activated 3D printed porous PEEK scaffolds for in vivo

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Yang et al. 10.3389/fbioe.2023.1182187

https://doi.org/10.1007/s10856-019-6288-9
https://doi.org/10.1007/s10856-019-6288-9
https://doi.org/10.1039/d1bm01126j
https://doi.org/10.1016/j.msec.2020.110698
https://doi.org/10.1016/j.msec.2020.110698
https://doi.org/10.1002/mabi.201900271
https://doi.org/10.3390/ma15134647
https://doi.org/10.1088/1748-605X/ac65cd
https://doi.org/10.2741/4665
https://doi.org/10.1016/j.jbiomech.2021.110270
https://doi.org/10.1016/j.jbiomech.2021.110270
https://doi.org/10.1002/mabi.201800028
https://doi.org/10.1002/mabi.201800028
https://doi.org/10.1039/c8tb00677f
https://doi.org/10.1039/c8tb00677f
https://doi.org/10.2147/IJN.S269169
https://doi.org/10.2147/IJN.S269169
https://doi.org/10.1016/j.actbio.2017.05.020
https://doi.org/10.1016/j.bone.2015.07.007
https://doi.org/10.1016/j.bone.2015.07.007
https://doi.org/10.1016/j.jmst.2020.11.041
https://doi.org/10.1016/j.jmst.2020.11.041
https://doi.org/10.1016/j.msec.2022.112647
https://doi.org/10.1186/s13018-022-02960-6
https://doi.org/10.1155/2016/2389895
https://doi.org/10.1155/2016/2389895
https://doi.org/10.1007/s10856-013-4955-9
https://doi.org/10.1007/s10856-013-4955-9
https://doi.org/10.1016/j.colsurfb.2014.06.027
https://doi.org/10.1002/adma.200801222
https://doi.org/10.1016/j.bioactmat.2021.03.039
https://doi.org/10.1016/j.bioactmat.2021.03.039
https://doi.org/10.1016/j.jot.2020.11.008
https://doi.org/10.1016/j.jot.2020.11.008
https://doi.org/10.1002/cphc.201701294
https://doi.org/10.1016/j.nano.2016.08.003
https://doi.org/10.1016/j.nano.2016.08.003
https://doi.org/10.1016/j.bioeng.2007.08.003
https://doi.org/10.1097/BOT.0000000000001115
https://doi.org/10.2147/IJN.S124671
https://doi.org/10.1089/ten.teb.2011.0475
https://doi.org/10.1089/ten.teb.2011.0475
https://doi.org/10.1186/1749-799X-8-38
https://doi.org/10.1016/j.molstruc.2010.04.001
https://doi.org/10.1007/s10856-016-5731-4
https://doi.org/10.1007/s10856-016-5731-4
https://doi.org/10.1016/j.apsusc.2011.09.053
https://doi.org/10.3390/ijms221910233
https://doi.org/10.1016/j.biomaterials.2016.01.016
https://doi.org/10.1016/j.biomaterials.2016.01.016
https://doi.org/10.1016/j.cej.2022.135255
https://doi.org/10.1093/rb/rbaa043
https://doi.org/10.3390/ma12162566
https://doi.org/10.1016/j.jinorgbio.2014.03.013
https://doi.org/10.1016/j.mtadv.2021.100162
https://doi.org/10.1039/c8ra09112a
https://doi.org/10.1039/c7ra10203h
https://doi.org/10.3389/fbioe.2022.973297
https://doi.org/10.1039/c8tb01746h
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1182187


osseointegration by promoting angiogenesis and osteogenesis. Bioact. Mater. 20, 16–28.
doi:10.1016/j.bioactmat.2022.05.011

Yu, L., Tian, Y. X., Qiao, Y. Q., and Liu, X. Y. (2017). Mn-containing titanium surface
with favorable osteogenic and antimicrobial functions synthesized by PIII&D. Colloid
Surf. B-Biointerfaces 152, 376–384. doi:10.1016/j.colsurfb.2017.01.047

Yu, Y. L., Ran, Q. C., Shen, X. K., Zheng, H., and Cai, K. Y. (2020). Enzyme
responsive titanium substrates with antibacterial property and osteo/angio-genic
differentiation potentials. Colloid Surf. B-Biointerfaces 185, 110592. doi:10.1016/j.
colsurfb.2019.110592

Zhang, Y. X., Wu, H. F., Yuan, B., Zhu, X. D., Zhang, K., and Zhang, X. D. (2021).
Enhanced osteogenic activity and antibacterial performance in vitro of

polyetheretherketone by plasma-induced graft polymerization of acrylic acid
and incorporation of zinc ions. J. Mat. Chem. B 9 (36), 7506–7515. doi:10.
1039/d1tb01349a

Zhao, Q. M., Sun, Y. Y., Wu, C. S., Yang, J., Bao, G. F., and Cui, Z. M. (2020).
Enhanced osteogenic activity and antibacterial ability of manganese-titanium dioxide
microporous coating on titanium surfaces. Nanotoxicology 14 (3), 289–309. doi:10.
1080/17435390.2019.1690065

Zhu, Y. C., Cao, Z., Peng, Y., Hu, L. Q., Guney, T., and Tang, B. (2019). Facile surface
modification method for synergistically enhancing the biocompatibility and bioactivity
of poly(ether ether ketone) that induced osteodifferentiation. ACS Appl. Mater.
Interfaces 11 (31), 27503–27511. doi:10.1021/acsami.9b03030

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Yang et al. 10.3389/fbioe.2023.1182187

https://doi.org/10.1016/j.bioactmat.2022.05.011
https://doi.org/10.1016/j.colsurfb.2017.01.047
https://doi.org/10.1016/j.colsurfb.2019.110592
https://doi.org/10.1016/j.colsurfb.2019.110592
https://doi.org/10.1039/d1tb01349a
https://doi.org/10.1039/d1tb01349a
https://doi.org/10.1080/17435390.2019.1690065
https://doi.org/10.1080/17435390.2019.1690065
https://doi.org/10.1021/acsami.9b03030
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1182187

	Coating of manganese functional polyetheretherketone implants for osseous interface integration
	1 Introduction
	2 Materials and methods
	2.1 Fabricating various PEEKs
	2.2 Characterization
	2.3 Mn ion release
	2.4 Cell culture
	2.5 Cell morphology observation
	2.6 Cell cytoskeletal observation
	2.7 Cell viability assays
	2.8 Osteogenic genes expression
	2.9 ALP and alizarin red staining
	2.10 Evaluating PEEK in vivo
	2.11 Micro-CT analysis
	2.12 Histological analysis
	2.13 Statistical analysis

	3 Results
	3.1 Material surface characterization
	3.2 Mn ions release
	3.3 Cell morphology
	3.4 Cell viability
	3.5 Osteogenesis evaluation
	3.6 Bone regeneration in vivo

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


