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Desired orthopedic implant materials must have a good biological activity and
possess appropriate mechanical property that correspond to those of human
bone. Although polyetheretherketone (PEEK) has displayed a promising
application prospect in musculoskeletal and dentistry reconstruction thanks to
its non-biodegradability and good biocompatibility in the body, the poor
osseointegration and insufficient mechanical strength have significantly limited
its application in the repair of load-bearing bones and surgical operations. In this
study, carbon nanotubes (CNT)/calcium silicate (CS)/polyetheretherketone
ternary composites were fabricated for the first time. The addition of CS was
mainly aimed at improving biological activities and surface hydrophilicity, but it
inevitably compromised the mechanical strength of PEEK. CNT can reinforce the
composites even when brittle CS was introduced and further upgraded the
biocompatibility of PEEK. The CNT/CS/PEEK composites exhibited higher
mechanical strengths in tensile and bending tests, 64% and 90% higher than
those of brittle CS/PEEK binary composites. Besides, after incorporation of CNT
and CS into PEEK, the hydrophilicity, surface roughness and ability to induce
apatite-layer deposition were significantly enhanced. More importantly, the
adhesion, proliferation, and osteogenic differentiation of mouse embryo
osteoblasts were effectively promoted on CNT/CS/PEEK composites. In
contrast to PEEK, these composites exhibited a more satisfactory
biocompatibility and osteoinductive activity. Overall, these results demonstrate
that ternary CNT/CS/PEEK composites have the potential to serve as a feasible
substitute to conventional metal alloys in musculoskeletal regeneration and
orthopedic implantation.

OPEN ACCESS

EDITED BY

Changchun Zhou,
Sichuan University, China

REVIEWED BY

Chong Wang,
Dongguan University of Technology,
China
Yun Zhai,
Dalian Jiaotong University, China
Kai Zhou,
Sichuan University, China
Ying Wang,
Southern Medical University, China

*CORRESPONDENCE

Xulin Hu,
huxulin1993@163.com

Kun Shi,
nicolekun@163.com

RECEIVED 01 August 2023
ACCEPTED 15 August 2023
PUBLISHED 29 August 2023

CITATION

Cao J, Yang S, Liao Y, Wang Y, He J,
Xiong C, Shi K and Hu X (2023), Evaluation
of polyetheretherketone composites
modified by calcium silicate and carbon
nanotubes for bone regeneration:
mechanical properties, biomineralization
and induction of osteoblasts.
Front. Bioeng. Biotechnol. 11:1271140.
doi: 10.3389/fbioe.2023.1271140

COPYRIGHT

© 2023 Cao, Yang, Liao, Wang, He, Xiong,
Shi and Hu. 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 frontiersin.org01

TYPE Original Research
PUBLISHED 29 August 2023
DOI 10.3389/fbioe.2023.1271140

https://www.frontiersin.org/articles/10.3389/fbioe.2023.1271140/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1271140/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1271140/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1271140/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1271140/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1271140/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1271140/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2023.1271140&domain=pdf&date_stamp=2023-08-29
mailto:huxulin1993@163.com
mailto:huxulin1993@163.com
mailto:nicolekun@163.com
mailto:nicolekun@163.com
https://doi.org/10.3389/fbioe.2023.1271140
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2023.1271140


KEYWORDS

polyetheretherketone, carbon nanotubes, calcium silicate, musculoskeletal regeneration,
mechanical strength, biocompatibility, biological mineralization

1 Introduction

Over the past few years, the incidence of fortuitous accidents
appeared to be an increasing trend, which inevitably leads to bone
defects and damages to bone tissues (Salhotra et al., 2020; Dewey and
Harley, 2021). In addition, with the aggravation of population aging
all over the world, elderly individuals have a higher risk of suffering
from bone fractures, imposing heavy burden for the sufferers and
society every year (Majidinia et al., 2018). At present, metallic
implants are the most widely-used orthopedic materials in
surgical operation (Yuan et al., 2020). However, alloy implants
will be corroded and may release toxic metal ions in vivo
(Nielsen, 1987; Su et al., 2019), triggering some postoperative
complication linked to the inflammation at the wound site
(Prakasam et al., 2017; Pandey et al., 2020). Moreover, elastic
modulus of alloy exceeds far more than those of human compact
bones and this mismatch also gives rise to bone resorption and
osteolysis after surgery (Hussain et al., 2021; Mitra et al., 2021).
Therefore, considerable attention was directed towards non-metallic
alternatives to minimize adverse post-operation complications and
expand application in bone-repairing (Zhao et al., 2021; Hu et al.,
2022).

Polyetheretherketone (PEEK) exhibits numerous advantages
such as stable chemical resistance, high temperature durability
and natural radiolucency (Thiruchitrambalam et al., 2020).
Moreover, as an FDA-approved implantable bone substitution
material, PEEK has an excellent biocompatibility and appropriate
biomechanical properties which are on the verge of natural human
bones (Mishra and Chowdhary, 2019; Zhang et al., 2019). Thus,
PEEK is logically considered an ideal candidate to replace traditional
metal alloy implants in clinical surgery (Haleem and Javaid, 2019;
Gao et al., 2021). But essentially, due to its hydrophobic surface,
PEEK remains a bioinert and unable to elicit positive interactions
with bone tissue (Gu et al., 2021). Long-term clinical observations
demonstrated that its implantation might cause a fibrotic
encapsulation with connective tissue in vivo, isolating the
implants from the surrounding osseous tissue (Rousseau et al.,
2007; Barkarmo et al., 2013). In the past decades, to increase the
applicability of PEEK, the introduction of bioactive calcium
phosphate including hydroxyapatite (HA) and β-tricalcium
phosphate (β-TCP) into PEEK is a feasible and effective
approach (Vaezi et al., 2016; Oladapo et al., 2021). Among a
variety of strategies, composite modification usually improves the
mechanical modulus and the biocompatibility of PEEK by adjusting
parameters of bending and proportion in bioactive fillers (Zheng
et al., 2021). However, related studies have shown that the
mechanical strengths of binary PEEK composites deteriorate
significantly due to the brittleness of fillers and poor interfacial
bonding between inorganic particles and PEEK matrix. In some
cases, their strength is even lower than that of pristine PEEK
(Petrovic et al., 2006; Deng et al., 2015).

As Ca–Si bioceramic, calcium silicate (CaSiO3, CS) has already
been proven to be biocompatible, biodegradable and bioactive with
the osteogenic abilities to stimulate the attachment, proliferation,

and differentiation of osteoblast-like cells (Ni and Chang, 2009;
Mohammadi et al., 2014). When compared to widely-used HA, CS
even demonstrated better bioactivity and bone inductivity in several
studies (Jalota et al., 2006). Hu developed mesoporous CS/PEEK
composites and discovered that proliferation of MC3T3-E1 cells
were improved on composites in comparison with the PEEK,
whereas the tensile strength of binary composites decreased (Hu
et al., 2016). Ma et al. (2014) prepared CS/PEEK binary composites
through a compounding and injection-molding technique and
found that the CS/PEEK composite exhibited good bioactivity
and biocompatibility, which was confirmed by in vitro and in
vivo tests. As expected, the mechanical strength of the CS/PEEK
composite decreased substantially when a high content of fragile CS
was added.

Inadequate mechanical strength in load-bearing osseous tissues
may cause deformation of orthopedic implants in vivo, even if their
biological activities meet the requirements of medical physiology. As
recognized, carbon nanotubes (CNT) possess extraordinarily high
mechanical strength and modulus and have been extensively used to
improve the mechanical performance of polymeric composites
(Saito et al., 2009; Saito et al., 2014). Furthermore, tissue
regeneration can be facilitated by the use of CNT as compatible
material. According to the reports of the influence of CNT on
osteoblast cells in vitro, CNT can promote the proliferation of
osteoblasts on their surfaces (Zanello et al., 2006; Li et al., 2008).
CNT also showed excellent bone tissue compatibility inducing a
minimal inflammatory response and causing little damage to nearby
tissue when implanted in vivo (Newman et al., 2013). As implant
materials applied in clinical operation for arthroplasty or bone
fractures already possess exceptional strength, compounding
them with CNT to improve the strength properties may yield an
effective results. Taken together, the incorporation of CNT enables
to overcome the achille’s heel (the decrease in strength) derived from
the addition of fragile CS into PEEK and further improves the
biocompatibility of PEEK composites.

In present work, ternary CNT/CS/PEEK composite was
fabricated by hybridizing bioactive CS and CNT into PEEK for
the first time (Scheme 1). The mechanical properties, morphologies,
surface hydrophilicity and roughness of the resulting composites
were systematacially studied. In addition, in vitro bioactivity and
cellular responses of osteoblast to the composite were also evaluated
in order to solve the problem of lack of interfacial activity of
conventional PEEK implants.

2 Materials and methods

2.1 Materials

PEEK (Victrex, 450P) was obtained commercially and the
average diameter of resin powder was 200 μm (Figure 1A) with a
melting point of 350°C. Commercially available CNT (purity ≥96%)
were purchased from Chengdu Organic Chemicals Co., Ltd. As
shown Figure 1B, the diameter and length of CNT was 30–50 nm
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SCHEME 1
Illustration of the preparation process of PEEK composites modified by CS and CNT for bone regeneration.

FIGURE 1
Morphologies of (A) PEEK powder; (B) CNT; (C) Calcium silicate ceramic particles; (D) The particle size distribution of CS particles detected by
particle size analyzer. (E) Standard dumbbell specimens of PEEK composites prepared by injection moulding.
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and 10–20 μm, respectively. CS particles with irregular shape
(Figure 1C) were used as-received from Chinese Technology Co.,
Ltd. The mean diameter of CS particulates was approximately 65 µm
and the granulometric distribution was also shown in Figure 1D,
measured by a laser particle analyzer (LS-POP, China).

2.2 Preparation of CNT/CS/PEEK
composites and specimens

The CNT/CS/PEEK composites with different weight ratios
(Table 1) were fabricated by a compounding and injection-
molding method as previously reported (Cao et al., 2018). It
should be pointed out that in previous literature, the content of
CS in PEEK was between 20 wt% and 60 wt%. Although a high
content of CS increases bioactivity of composite, it reduces the
mechanical strength severely. Hence, in consideration of the balance
between mechanical properties and bioactivity, we used the
moderate quantity of 30 wt% CS as fillers to modify the PEEK.
The similar strategy was also adopted in preparation of other ternary
PEEK composites modified by bioactive ceramics (Feng et al., 2016;
Abd El-Fattah et al., 2021).

CNT aqueous dispersion was prepared in advance according
to the method in our previous work using lauryl sodium sulfate
(SDS) as dispersant. For each group of composites,
quantificational PEEK and CS particles (30 wt%) were
dispersed and moistened independently in 150 mL anhydrous
ethanol with an ultrasonic treatment for 90 min. After that, two
turbid solutions were mixed together and CNT solution that was
dispersed beforehand by SDS was guttatim added to the mixture
at the dosage of 2 wt%, 4 wt% and 6 wt%. Then an ultrasonic bath
and agitation for anther 3 h was carried out. The mixture was
filtered and placed in a drying oven at 110°C for 48 h to the
constant weight for intensive drying. Finally, to obtain various
specimens, the mixture was further molded with an injection-
molding machine (BOY-25E, Germany). The melting
temperature was 350°C–395°C and the injection pressure was
15–20 MPa. Tensile test was conducted on miniature dumbbell
specimen (appearances of dumbbell specimen with different
component were shown Figure 1E) and bending test was
conducted on rectangular specimen. The circular disks were
molded for cell test of MC3T3-E1 cells. All the samples were
annealed after rising 20°C–220°C then cooled to room
temperature. As a control, PEEK and CS/PEEK composites
were also fabricated in accordance with the same preparation
technology.

2.3 Mechanical properties of composites

The mechanical modulus and strength of the composites were
measured by a universal testing machine (SANSCMT4503, China).
The tensile test was carried out in ASTMD638 standard and the
bending testing was conducted using the test standard of
ASTMD790-10. Each group of specimen was tested at room
temperature with 5 parallel samples and standard deviation was
recorded.

2.4 Scanning electron microscopy (SEM)
microscopic analysis

A field emission scanning electron microscopy (Phenom pro,
Netherlands) was used to observe the microstructure and
morphology of the PEEK-based composites. A thin layer of gold
coating was sprayed on the on the cross section or surface of the
composites to avoid charging effects before observation.

2.5 Surface hydrophilicity and surface
roughness

A static water contact angle was measured by contact angle
goniometer (CA100, HOKUTO, China) at room temperature. 2 μL
of distilled water was suspended vertically on the surface of PEEK,
CS/PEEK and CNT/CS/PEEK composites with a syringe in different
locations for five times. The results were reported in the average
values. The roughometer (KEHUI, KH200, China) was used to
examine the surface roughness of the composites. Each group
was tested using an area of 1,000 μm × 800 µm. Roughness
parameters, such as average roughness (Ra), average maximum
profile height (Rz) and maximum profile peak height (Rp) were
measured using an area of 1,000 μm × 800 µm. For each sample
three separate locations were recorded in average values.

2.6 Cell culture

MC-3T3E1 (Mouse embryo osteoblast) cells were used for the
evaluation of cell compatibility and the proliferation of osteogenic
cells to PEEK, CS/PEEK and CNT/CS/PEEK composites. Every
sample was sterilized using ultraviolet disinfection prior to cell
culture. Osteoblasts were cultured with DMEM medium and
digested with 0.25% trypsin solution. Then an appropriate
amount of fresh culture medium (10 mL) was added for
subculture in a humidified incubator at 37°C and 5% CO2. The
medium was replaced daily.

2.7 Cell adhesion and proliferation

Samples of PEEK, CS/PEEK and CNT/CS/PEEK composites
were put into a 96-well cell plate cultured with 1 mL of MC3T3-E1
cells at a density of 1 × 104 cells/well. After being cultured in an
incubator at 37°C and 5% CO2 for 6 and 12 h, samples were rinsed
twice with PBS buffer and stained by AO-EB dye(0.1 g/mL, Sigma,

TABLE 1 The composing proportion of PEEK, CS/PEEK and CNT/CS/PEEK
composites (percentage by weight).

Samples CNT wt% CS wt%

PEEK 0 0

CS/PEEK 0 30

2%CNT/CS/PEEK 2 30

4%CNT/CS/PEEK 4 30

6%CNT/CS/PEEK 6 30
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United States) in the dark for 30 min. Fluorescent analysis was used
to investigate the cell adhesion by a inverted fluorescence
microscope (EVOS M5000, Thermo Fisher, United States).

2.8 Cell biocompatibility and metabolic
viability

Samples of PEEK and composites were incubated with DMEM
medium containing 1% penicillin and 1 mL of MC3T3-E1 cells at a
density of 1 × 104 cells/well. Then cells were cultured on the surface of
samples in a CO2 incubator at 37°C for 1, 4, and 7 days. After each
incubation period, specimens were rinsed twice with PBS buffer, 10 μL
MTT (5 mg/mL) was added to each well and incubated for another 2 h.
After that, cell metabolic viability (the optical density value) was
detected by a ELIASA microplate system (SpectraMax, Molecular
Devices, China). Five parallel samples were set for each group.

2.9 Cellular morphology observed by SEM

The samples were taken out at the corresponding time point of 1,
4, and 7 days and rinsed twice with PBS buffer. Then, each specimen
was fixed with 2% glutaraldehyde and dehydrated for 15 min with
30%, 50%, 75%, 85%, 95%, and 100% ethanol (v/v). Finally, samples
were dried in drying oven and cell growth on the material surface
were observed by SEM.

2.10 Bioactivity on biologic
biomineralization of composites

The biomineralization assessment of pure PEEK, CS/PEEK and
CNT/CS/PEEK composites was evaluated by immersing samples in
simulated-body-fluid (SBF) solution, of which the composition and
ionic concentration was identical to human tissue fluid. After being
soaked in SBF at 37°C for 14 and 28 days, specimens were removed
from solution and the formation of bone-like apatite was
characterized by an electron microscope equipped with energy
dispersive spectroscopy (EDS).

2.11 Alkaline phosphatase activity (ALP) assay

The well-grown cells were inoculated with 5 × 104 cells per well
and cultured on samples at 37°C and 5%CO2 for 7, 10, and 14 days in
96-well plates. Afterwards, each well was treated with a quantitative
dose of 4-nitrophenyl phosphate. With the help of alkaline
phosphatase, the 4-nitrophenyl phosphate was hydrolyzed into
colored 4-nitrophenol. The ALP activity was measured and
normalized to optical density value using a microplate system.
Five parallel samples were set for each group.

2.12 Statistical analysis

A standard deviation was applied to the numerical data in the
experiment. One-way analysis of variance (ANOVA) were used for

statistical analysis. To be considered statistically significant, the
p-value of a statistical difference must be less than 0.05.

3 Results and discussion

3.1 Morphology of composites and
distribution of CS particles and CNT in
composites

Figures 2A, B revealed the morphology of cross section of binary
CS/PEEK composites. A homogeneous distribution of CS particles
(30 wt%) was observed in the polymer matrix, which was due to the
sufficient mixture of components prior to injection-molding.
However, a small amount of CS still agglomerated, which was
almost inevitable for inorganic particles in composite materials
with high content (pointed by yellow arrows). It was worth
noting that the CS particles were stripped by drawing force,
leaving some tiny holes in cross-section and making the fracture
surfaces rougher (red rectangles). Cavities formed by the exfoliation
was also depicted in Figure 2B at high magnification. Although a
number of CS particles were embedded in polymers (pointed by red
arrows), some cavities left after stripping were evident and
conterminous with a diameter ranging from 10 to 50 µm (yellow
rectangles). Therefore, the interaction between inorganic CS
particles and PEEK was relatively weak and the poor interface
adhesion may lead to stress defects when the material was
stretched or sheared. Similarly, inadequate interface binding has
been reported in other PEEK composites reinforced with different
ceramics (Bakar et al., 2003).

The dispersion of CNT and CS fillers in the ternary CNT/CS/
PEEK composites was exhibited in Figures 2C–H. The CS particles
at a content of 30 wt% were distributed evenly in ternary CNT/CS/
PEEK composite as well (Figure 2C). Figures 2D, G showed a
homogeneous dispersion of CNT (red circles) without the
observable agglomeration with a CNT loading of 2 wt% and 4 wt
%, respectively. To achieve a uniform dispersion of carbon tubes is a
critical issue in the fabrication of composites to achieve effective
reinforcement. Nevertheless it is difficult to accomplish because of a
strong tendency of nanotubes to gather and form bundles. As shown
in Figure 2F, CNT were not pulled out of the polymer matrix (red
arrows) but cut down as no open holes were formed around the
nanotubes, which indicated a good interfacial adhesion between
CNT and polymer phases. Furthermore, CNT were interspersed and
weaved (yellow arrow) through the composites in state of
entanglement (Figure 2E). A interconnected and entangled
interconnected structure of carbon tubes commonly contributes
to reinforcement of resulting composites. However, Figure 2H
implied that CNT were not homo-dispersed and began to cluster
in larger amounts of 6 wt%. According to relevant literature, the
bundles formed by the agglomeration of carbon tubes might
seriously reduce the mechanical strength of composites.

Figure 3A revealed the variation in mechanical modulus (tensile
modulus and bending modulus) of the composites with CS and CNT
content. The addition of 30 wt% CS particles increased the tensile
modulus and bending modulus to 4.92 GPa and 5.63 GPa, being
about 67% and 44% higher than those of PEEK. In addition, tensile
modulus and bending modulus of composites generally increased
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with increasing CNT content. The addition of CNT of 6 wt%
improved the tensile modulus and bending modulus of
composites with an maximum of 7.13 GPa and 7.50 GPa, which
were increased by 143% and 92% when compared with pristine
PEEK. The superficial micro-hardness of materials plays a crucial
role on the osseointegration and long-term implantation of dental
implants. The micro-hardness of the composites was shown in
Figure 3B. Due to the higher stiffness and surface micro-hardness
of inorganic fillers, the micro-hardness generally enhanced with
ceramics filler content in polymer composites. An addition of 30 wt
% CS fillers increased the micro-hardness of PEEK to 36 HV, which

was 19% higher than that of pure PEEK. Moreover, a further
addition of CNT resulted in a statistically significant increase in
micro-hardness as well because a given volume fraction CNT
exhibited stronger resistance against indentation within the matrix.

The tensile strength and bending strength of composites were
presented in Figures 3C, D. Tensile strength and bending strength of
pure PEEK were 93 MPa and 141 MPa, respectively. When 30 wt%
CS was added to PEEK, the tensile strength and bending strength of
binary CS/PEEK composite decreased dramatically with the
reduction rates of 41% in tensile strength and 45% in bending
strength. Such a result has been widely reported in related papers

FIGURE 2
(A) Fracture surfaces and distribution of 30 wt% CS particles in CS/PEEK composites observe by SEM; (B) Cavities formed by the exfoliation of CS
particles. (C) Morphology and distribution of 30 wt% CS particles in CNT/CS/PEEK composite; (D) Morphology and distribution of CNT in 2%CNT/CS/
PEEK composite; (E) Entanglement and intersperse of CNT in PEEK polymers; in 4%CNT/CS/PEEK composite (F) Efficient interface bonding betweenCNT
and PEEK matrix; (G) homogeneous dispersion of CNT in 4%CNT/CS/PEEK composite; (H) CNT agglomerated severely in 6%CNT/CS/PEEK
composite.
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due to the brittleness and fragility of CS itself. A weak interaction
bonding (shown in Figure 2B) between inorganic CS fillers and
polymers resulted in a disruption of stress conduction. Notably CNT
(with a amount of 2 wt% to 4 wt%) improved both the tensile and
bending strength of composites, offering an ample compensation for
the mechanical loss caused by the incorporation of friable CS. The
tensile and bending strengths of 4%CNT/CS/PEEK came up to
89 MPa and 143 MPa, increased by 61% and 85% when compared to
CS/PEEK composite, of which the strengths were within range of
human compact bone (Roeder et al., 2008; Hannink and Arts, 2011).
The bending strength of 4%CNT/CS/PEEK was even greater than
PEEK, indicating a positive reinforcement of carbon nanotubes on
strength. However, it was a pity that 6wt% CNT resulted in a sharp
decrease in mechanical strength which was explained by
agglomeration of CNT, already mentioned in Figure 2H.

The hydrophilicity of surface is an important property for
estimating the biocompatibility of materials and it is usually
characterized by measuring the surface contact angle of samples.
Figures 4A–E showed the photographs of contact angles for each
sample and trend of water contact angle was also shown clearly in
Figure 4F. The contact angles of PEEK was 85.1°, having a slightly
hydrophilic surface. Several studies have confirmed that compared
to hydrophobic surface, adhesion and proliferation of osteoblasts are

more favorable on hydrophilic surface (Mei et al., 2019), which is
critical for cell anchorage. While the water contact angles of CS/
PEEK decrease to 65.7°, which indicated that the addition of 30 wt%
CS significantly improved the hydrophilicity of PEEK. After being
incorporated into CNT, water contact angles of 2%CNT/CS/PEEK,
4%CNT/CS/PEEK and 6%CNT/CS/PEEK were declined to 64.1°,
61.7°, and 60.8°, respectively. The surface hydrophilicity of the
composites increased slightly with the increasing CNT content.

Surface roughness of PEEK, CS/PEEK and CNT/CS/PEEK
composites were summarized in Figures 4G–I. Surface roughness
has a significant influence on cells proliferation and function
because a rougher surface promoted the cell attachment and
differentiation of osteoblasts cultured on surface. The average
roughness (Ra) of CS/PEEK composite (1.65 ± 0.21 μm) was 68%
higher than PEEK (0.98 ± 0.13 μm) after embedded with coarse CS
fillers. Additionally, CNT/CS/PEEK composites with CNT contents
(2 wt%-6 wt%) had an increase in surface roughness. For the 6%
CNT/CS/PEEK specimen, Ra values markedly increased to (2.85 ±
0.31 μm), almost three times as value of PEEK. Other roughness
parameters of average maximum profile height (Rz) and average
profile peak height (Rp) were greatly improved after adding CS and
carbon nanotubes, following the same pattern of Ra. It is thought
that the higher surface roughness was caused by the CNT and CS

FIGURE 3
(A) Tensile modulus and bending modulus of PEEK and composites; (B)Hardness of the PEEK and composites as a function of CS and CNT content.
(C) Tensile strength and (D) Bending strength of PEEK, binary CS/PEEK composite and ternary CNT/CS/PEEK composites.
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filler exposed on the PEEK matrix surfaces, which alters the surface
morphology and microstructure of surface.

In general, a formation of a bone-like apatite layer on the surface
is the precondition for the effective bonding between biomaterials
and living bone in vivo (Johnsson and Nancollas, 1992). The
biological activity of CS/PEEK and CNT/CS/PEEK composites
was evaluated by examining the formation of apatite layer on
surface after immersion in SBF (Figure 5A). No obvious
difference was observed on the surface of PEEK after soaking for
14 and 28 days, indicating an innate bioinert surface of pure PEEK.
In contrast, some flocculent apatites were observed on the surfaces of
CS/PEEK and CNT/CS/PEEK composite after being soaked in SBF
for14 days. Apparently, after 28 days of soaking, cauliflower-like
clusters formed on the surface of the CS/PEEK composites with
porous structures which was generated by the dissolution of CS
particles (red circles). For ternary CNT/CS/PEEK composites, the
entire surface of the composite was also covered with dense globular
deposits, forming a tile-shaped and compact coating of apatites. The
Ca and P and their ratio of the apatite formed on the immersed

specimens was monitored by EDS analysis and the result was
presented in Figure 5B. The Ca/P ratio of PEEK was 1.43 after
28 days of immersion in SBF. A higher soaking time in SBF
increased the Ca/P ratio of surfaces on CS/PEEK and CNT/CS/
PEEK composites. The Ca/P ratios of 1.72 for CS/PEEK and 1.65 for
CNT/CS/PEEK samples were obtained respectively after 28 days,
revealing nearly identical value to the theoretical Ca/P ratio of
hydroxyapatite in 1.67 (Wu and Chang, 2004). Thus, compared
to inert PEEK, both the CS/PEEK and CNT/CS/PEEK composites
exhibited a superior ability of biological mineralization.

Cell adhesion is an necessary requirement for the proliferation
and functional differentiation of the osteoblasts (Grzesik, 1997).
Figure 6A presented the fluorescence micrographs of MC3T3-E1
cells on the PEEK, CS/PEEK and 4%CNT/CS/PEEK composites
after incubation for 6 h. The osteoblasts cells on each specimen
exhibited a spindle-shaped or rounded morphologies and suggested
the normal cell growth, which proved that PEEK was benign for
osteoblasts with a good biocompatibility. Interestingly, more
osteoblast cells adhered to the CS/PEEK composite than on

FIGURE 4
Water contact angles of (A) pristine PEEK; (B) CS/PEEK; (C) 2%CNT/CS/PEEK; (D) 4%CNT/CS/PEEK; (E) 6%CNT/CS/PEEK; (F) Variation trend of water
contact angle of PEEK and composites; Measurement of roughness parameters of PEEK and PEEK composites: (G) average roughness (Ra), (H) average
maximum profile height (Rz), (I) average profile peak height (Rp).
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PEEK surface, indicating that CS/PEEK composite were more
suitable for cell proliferation. The 4%CNT/CS/PEEK composites
also showed a higher cell adhesion than PEEK in the early stage.
However, as was shown in Figure 6B, no motivation in adhesion was
perceived on CNT/CS/PEEK composites when compare to CS/
PEEK composite in the first 6 h.

Figure 6D displayed the cell morphologies of MC3T3-E1
osteoblasts on the surface of PEEK, CS/PEEK composites and 4%
CNT/CS/PEEK composites after 1, 4, and 7 days of culture. It can be
seen that after 1 day of culture, the cells on PEEK surface were sparse
but osteoblasts on CS/PEEK and CNT/CS/PEEK composite
exhibited a flat type. Besides, cells on CS/PEEK and CNT/CS/
PEEK spread faster and extended a number of filopodia
protrusions after being cultured for 4 days. Consistently, the
osteoblasts proliferated well and formed a confluent layer on the
surface of CS/PEEK and CNT/CS/PEEK composites after 7 days.
Hence, these results indicated that CS/PEEK and CNT/CS/PEEK
composites were conducive to cell attachment and growth of
MC3T3-E1 osteoblasts. Furthermore CNT had no negative effects

but facilitation on cell proliferation. Figure 6C revealed that cell
number and cell proliferation rate adhered on 4%CNT/CS/PEEK
increased much faster than PEEK and CS/PEEK composite.

Cell viability was measured by an MTT assay by seeding
MC3T3-E1 cells onto PEEK, CS/PEEK composite and CNT/CS/
PEEK composites for 1, 4, and 7 days (Figure 7A). In general, cell
proliferation on all the specimen proceed as normal because MTT
activity on each group were positive-going with increasing
incubation time (Zhang et al., 2022). It was interesting to note
that PEEK revealed the lowest cell viability among the groups,
whereas the OD value of CS/PEEK composite was a significantly
higher than PEEK at each detection point, showing that CS
promoted the proliferation of MC3T3-E1 cells. In addition, OD
value of ternary CNT/CS/PEEK composites was higher than that of
binary CS/PEEK composites, and with the increase of CNT content
(2 wt%-4 wt%) in composites the activity of cells also boosted after
4 and 7 days. According to the above results, the introduction of
CNT and CS improved the cell viability of osteoblasts on PEEK
together.

FIGURE 5
(A) Apatite-formation capacity of PEEK, CS/PEEK and 4%CNT/CS/PEEK observed by SEM composites after immersing in simulated body fluid for
14 and 28 days. (B) The ratio of Ca/P on the surface of PEEK, and CS/PEEK and 4%CNT/CS/PEEK composites after soaking in SBF for 14 and 28 days.
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As an extracellular enzyme of osteoblasts, alkaline phosphatase
(ALP) and its activity are considered as biomarkers of early cell
differentiation due to the increase of ALP activity usual reflects the
transition of osteoblasts to a more differentiated state (Liu et al.,
2008). Figure 7B showed the ALP activity of the cells on PEEK, CS/
PEEK and CNT/CS/PEEK composites at different time. At the end
of 7 days, the ALP activity of every group had little difference, which
suggested that osteogenic differentiation of the cells was not proceed
yet. However, the ALP expression level on the CS/PEEK and CNT/

CS/PEEK composites markedly increased at 7 and 10 days. For the
CS/PEEK composites, the ALP activity was approximately 13%
higher than that of PEEK after 14 days. The ALP activity of CS/
PEEK composite was observed to be further increased by adding
CNT and the 6%CNTS/CS/PEEK was the highest. At the time point
of 10 and 14 days, ALP activity on three CNT/CS/PEEK composites
were considerably higher than those on CS/PEEK composite. Based
on the experimental results, introducing CS and CNT to PEEK lead
to an enhancement in the osteogenic differentiation in vitro.

FIGURE 6
(A) Cell adhesion of MC3T3-E1 cells cultured on the surfaces of PEEK, CS/PEEK, 2%CNT/CS/PEEK, 4%CNT/CS/PEEK after incubation for 6 h
detected by fluorescence microscopy (B)Number of MC3T3-E1 cells on the surface of PEEK and composites after 6 h. (C)Number of MC3T3-E1 cells on
the surface of PEEK and composites after 1, 4 and 7 days. (D) SEM images of the morphologies of MC3T3-E1 cells cultured on PEEK, CS/PEEK composites
and 4%CNT/CS/PEEK composites for 1, 4, and 7 days.

Frontiers in Bioengineering and Biotechnology frontiersin.org10

Cao et al. 10.3389/fbioe.2023.1271140

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1271140


4 Conclusion

In this study, ternary CNT/CS/PEEK composites with CS and
different CNT contents was successfully fabricated for the first time.
The experiment results demonstrated that the addition of 30 wt%CS
considerably improved the tensile modulus, bending modulus and
microhardness of PEEK. Furthermore, CNT (2 wt% and 4 wt%) was
confirmed to compensate for the dramatical mechanical loss caused
by friable CS and the mechanical strength of ternary CNT/CS/PEEK
composites was even close to that of pure PEEK. The surface
hydrophilicity and roughness of PEEK were also improved by
adding CS into polymers. Besides, A large-area apatite formed on
CS/PEEK and CNT/CS/PEEK composites after soaking in SBF for
28 days which demonstrated the a good biological ability of
mineralization. More importantly, on the basis of the results of
cell adhesion, proliferation, MTT and ALP assay in intro, it was
proved that CS and CNT promoted cellular responses and
osteogenic differentiation of MC3T3-E1 cells on composites.
Therefore, the result suggests that the CNT/CS/PEEK ternary
composites might be a promising bone implant material in
craniomaxillofacial and orthopaedics surgery thanks to its
improved mechanical properties and excellent biocompatibility.
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FIGURE 7
(A) Cell metabolic viability of MC3T3-E1cells cultivated on PEEK, CS/PEEK composites and CNT/CS/PEEK composites for 1, 4 and 7 days. (B) ALP
activity of MC3T3-E1cells cultivated on PEEK, CS/PEEK composites and CNT/CS/PEEK composites for 7, 10 and 14 days. The quantitative analysis ALP
activity was normalized to the corresponding content of total protein.

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Cao et al. 10.3389/fbioe.2023.1271140

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1271140


References

Abd El-Fattah, A., Youssef, H., Gepreel, M. A. H., Abbas, R., and Kandil, S. (2021).
Surface morphology and mechanical properties of polyether ether ketone (PEEK)
nanocomposites reinforced by nano-sized silica (SiO2) for prosthodontics and
restorative dentistry. Polymers 13 (17), 3006–3022. doi:10.3390/polym13173006

Bakar, M. A., Cheng, M., Tang, S., Yu, S., Liao, K., Tan, C., et al. (2003). Tensile
properties, tension–tension fatigue and biological response of
polyetheretherketone–hydroxyapatite composites for load-bearing orthopedic
implants. Biomaterials 24 (13), 2245–2250. doi:10.1016/S0142-9612(03)00028-0

Barkarmo, S., Wennerberg, A., Hoffman, M., Kjellin, P., Breding, K., Handa, P., et al.
(2013). Nano-hydroxyapatite-coated PEEK implants: a pilot study in rabbit bone.
J. Biomed. Mater. Res. Part A 101 (2), 465–471. doi:10.1002/jbm.a.34358

Cao, J., Lu, Y., Chen, H., Zhang, L., and Xiong, C. (2018). Preparation, mechanical properties
and in vitro cytocompatibility of multi-walled carbon nanotubes/poly(etheretherketone)
nanocomposites. J. biomaterials Sci. 29 (4), 428–447. doi:10.1080/09205063.2017.1422852

Deng, Y., Zhou, P., Liu, X., Wang, L., Xiong, X., Tang, Z., et al. (2015). Preparation,
characterization, cellular response and in vivo osseointegration of
polyetheretherketone/nano-hydroxyapatite/carbon fiber ternary biocomposite.
Colloids Surfaces, B. Biointerfaces 136, 64–73. doi:10.1016/j.colsurfb.2015.09.001

Dewey, M. J., and Harley, B. A. (2021). Biomaterial design strategies to address obstacles in
craniomaxillofacial bone repair. RSC Adv. 11 (29), 17809–17827. doi:10.1039/d1ra02557k

Feng, P., Peng, S., Wu, P., Gao, C., Huang, W., Deng, Y., et al. (2016). A nano-
sandwich construct built with graphene nanosheets and carbon nanotubes enhances
mechanical properties of hydroxyapatite&amp;ndash;polyetheretherketone scaffolds.
Int. J. nanomedicine 11, 3487–3500. doi:10.2147/IJN.S110920

Gao, C.,Wang, Z., Jiao, Z.,Wu, Z., Guo,M.,Wang, Y., et al. (2021). Enhancing antibacterial
capability and osseointegration of polyetheretherketone (PEEK) implants by dual-functional
surface modification. Mater. Des. 205, 109733–109747. doi:10.1016/j.matdes.2021.109733

Grzesik, W. J. (1997). Integrins and bone--cell adhesion and beyond. Archivum
Immunol. Ther. Exp. 45 (4), 271–275. doi:10.1007/s00441-009-0828-4

Gu, X., Sun, X., Sun, Y., Wang, J., Liu, Y., Yu, K., et al. (2021). Bioinspired
modifications of PEEK implants for bone tissue engineering. Front. Bioeng.
Biotechnol. 8, 631616. doi:10.3389/fbioe.2020.631616

Haleem, A., and Javaid, M. (2019). Polyether ether ketone (PEEK) and its 3D printed
implants applications in medical field: an overview. Clin. Epidemiol. Glob. Health 7 (4),
571–577. doi:10.1016/j.cegh.2019.01.003

Hannink, G., and Arts, J. C. (2011). Bioresorbability, porosity and mechanical
strength of bone substitutes: what is optimal for bone regeneration? Injury 42,
S22–S25. doi:10.1016/j.injury.2011.06.008

Hu,G., Quan, R., Chen, Y., Bi, D., Jiang, X., Li, X., et al. (2016). Fabrication, characterization,
bioactivity, and biocompatibility of novel mesoporous calcium silicate/polyetheretherketone
composites. RSC Adv. 6 (64), 57131–57137. doi:10.1039/c6ra07272k

Hu, X., Zhao, W., Zhang, Z., Xie, J., He, J., Cao, J., et al. (2022). Novel 3D printed
shape-memory PLLA-TMC/GA-TMC scaffolds for bone tissue engineering with the
improved mechanical properties and degradability. Chin. Chem. Lett. 34, 107451.
doi:10.1016/j.cclet.2022.04.049

Hussain, M., Askari Rizvi, S. H., Abbas, N., Sajjad, U., Shad, M. R., Badshah, M. A.,
et al. (2021). Recent developments in coatings for orthopedic metallic implants.
Coatings 11 (7), 791. doi:10.3390/coatings11070791

Jalota, S., Bhaduri, S. B., and Tas, A. C. (2006). In vitro testing of calcium phosphate
(HA, TCP, and biphasic HA-TCP) whiskers. J. Biomed. Mater. Res. Part A 78 (3),
481–490. doi:10.1002/jbm.a.30851

Johnsson, M. S.-A., and Nancollas, G. H. (1992). The role of brushite and octacalcium
phosphate in apatite formation. Crit. Rev. Oral Biol. Med. 3 (1), 61–82. doi:10.1177/
10454411920030010601

Li, X., Gao, H., Uo, M., Sato, Y., Akasaka, T., Abe, S., et al. (2008). Maturation of
osteoblast-like SaoS2 induced by carbon nanotubes. Biomed. Mater. 4 (1), 015005.
doi:10.1088/1748-6041/4/1/015005

Liu, Q., Cen, L., Yin, S., Chen, L., Liu, G., Chang, J., et al. (2008). A comparative study of
proliferation and osteogenic differentiation of adipose-derived stem cells on akermanite and
β-TCP ceramics. Biomaterials 29 (36), 4792–4799. doi:10.1016/j.biomaterials.2008.08.039

Ma, R., Tang, S., Tan, H., Qian, J., Lin, W., Wang, Y., et al. (2014). Preparation,
characterization, in vitro bioactivity, and cellular responses to a polyetheretherketone
bioactive composite containing nanocalcium silicate for bone repair. ACS Appl. Mater.
interfaces 6 (15), 12214–12225. doi:10.1021/am504409q

Majidinia, M., Sadeghpour, A., and Yousefi, B. (2018). The roles of signaling pathways in
bone repair and regeneration. J. Cell. physiology 233 (4), 2937–2948. doi:10.1002/jcp.26042

Mei, S., Yang, L., Pan, Y., Wang, D., Wang, X., Tang, T., et al. (2019). Influences of
tantalum pentoxide and surface coarsening on surface roughness, hydrophilicity,
surface energy, protein adsorption and cell responses to PEEK based biocomposite.
Colloids Surfaces B Biointerfaces 174, 207–215. doi:10.1016/j.colsurfb.2018.10.081

Mishra, S., and Chowdhary, R. (2019). PEEK materials as an alternative to titanium in
dental implants: a systematic review. Clin. implant Dent. Relat. Res. 21 (1), 208–222. doi:10.
1111/cid.12706

Mitra, I., Bose, S., Dernell, W. S., Dasgupta, N., Eckstrand, C., Herrick, J., et al. (2021).
3D Printing in alloy design to improve biocompatibility in metallic implants. Mater.
Today 45, 20–34. doi:10.1016/j.mattod.2020.11.021

Mohammadi, H., Hafezi, M., Nezafati, N., Heasarki, S., Nadernezhad, A., Ghazanfari,
S., et al. (2014). Bioinorganics in bioactive calcium silicate ceramics for bone tissue
repair: bioactivity and biological properties. J. Ceram. Sci. Technol. 5 (1), 1–12. doi:10.
4416/JC5T2013-00027

Newman, P., Minett, A., Ellis-Behnke, R., and Zreiqat, H. (2013). Carbon nanotubes:
their potential and pitfalls for bone tissue regeneration and engineering. Nanomedicine
Nanotechnol. Biol. Med. 9 (8), 1139–1158. doi:10.1016/j.nano.2013.06.001

Ni, S., and Chang, J. (2009). In vitro degradation, bioactivity, and cytocompatibility of
calcium silicate, dimagnesium silicate, and tricalcium phosphate bioceramics.
J. biomaterials Appl. 24 (2), 139–158. doi:10.1177/0885328208094745

Nielsen, K. (1987). Corrosion of metallic implants. Br. Corros. J. 22 (4), 272–278.
doi:10.1179/000705987798271352

Oladapo, B. I., Zahedi, S. A., Ismail, S. O., and Omigbodun, F. T. (2021). 3D printing
of PEEK and its composite to increase biointerfaces as a biomedical material-A review.
Colloids Surfaces B Biointerfaces 203, 111726. doi:10.1016/j.colsurfb.2021.111726

Pandey, A., Awasthi, A., and Saxena, K. K. (2020). Metallic implants with properties
and latest production techniques: a review. Adv. Mater. Process. Technol. 6 (2), 405–440.
doi:10.1080/2374068X.2020.1731236

Petrovic, L., Pohle, D., Münstedt, H., Rechtenwald, T., Schlegel, K., and Rupprecht, S.
(2006). Effect of βTCP filled polyetheretherketone on osteoblast cell proliferation
in vitro. J. Biomed. Sci. 13 (1), 41–46. doi:10.1007/s11373-005-9032-z

Prakasam, M., Locs, J., Salma-Ancane, K., Loca, D., Largeteau, A., and Berzina-
Cimdina, L. (2017). Biodegradable materials and metallic implants—A review. J. Funct.
biomaterials 8 (4), 44. doi:10.3390/jfb8040044

Roeder, R. K., Converse, G. L., Kane, R. J., and Yue, W. (2008). Effects of the
reinforcement morphology on the fatigue properties of hydroxyapatite reinforced
polymers. Jom 60 (3), 261–268. doi:10.1016/j.jmbbm.2008.01.004

Rousseau, M.-A., Lazennec, J.-Y., and Saillant, G. (2007). Circumferential arthrodesis
using PEEK cages at the lumbar spine. Clin. Spine Surg. 20 (4), 278–281. doi:10.1097/01.
bsd.0000211284.14143.63

Saito, N., Haniu, H., Usui, Y., Aoki, K., Hara, K., Takanashi, S., et al. (2014). Safe
clinical use of carbon nanotubes as innovative biomaterials. Chem. Rev. 114 (11),
6040–6079. doi:10.1021/cr400341h

Saito, N., Usui, Y., Aoki, K., Narita, N., Shimizu, M., Hara, K., et al. (2009). Carbon
nanotubes: biomaterial applications. Chem. Soc. Rev. 38 (7), 1897–1903. doi:10.1039/
b804822n

Salhotra, A., Shah, H. N., Levi, B., and Longaker, M. T. (2020). Mechanisms of bone
development and repair. Nat. Rev. Mol. Cell Biol. 21 (11), 696–711. doi:10.1038/s41580-
020-00279-w

Su, Y., Cockerill, I., Zheng, Y., Tang, L., Qin, Y.-X., and Zhu, D. (2019).
Biofunctionalization of metallic implants by calcium phosphate coatings. Bioact.
Mater. 4, 196–206. doi:10.1016/j.bioactmat.2019.05.001

Thiruchitrambalam, M., Kumar, D. B., Shanmugam, D., and Jawaid, M. (2020). A
review on PEEK composites–Manufacturing methods, properties and applications.
Mater. Today Proc. 33, 1085–1092. doi:10.1016/j.matpr.2020.07.124

Vaezi, M., Black, C., Gibbs, D. M., Oreffo, R. O., Brady, M., Moshrefi-Torbati, M.,
et al. (2016). Characterization of new PEEK/HA composites with 3D HA network
fabricated by extrusion freeforming. Molecules 21 (6), 687. doi:10.3390/
molecules21060687

Wu, C., and Chang, J. (2004). Synthesis and apatite-formation ability of akermanite.
Mater. Lett. 58 (19), 2415–2417. doi:10.1016/j.matlet.2004.02.039

Yuan, B., Wang, L., Zhao, R., Yang, X., Yang, X., Zhu, X., et al. (2020). A
biomimetically hierarchical polyetherketoneketone scaffold for osteoporotic bone
repair. Sci. Adv. 6 (50), 4704. doi:10.1126/sciadv.abc4704

Zanello, L. P., Zhao, B., Hu, H., and Haddon, R. C. (2006). Bone cell proliferation on
carbon nanotubes. Nano Lett. 6 (3), 562–567. doi:10.1021/nl051861e

Zhang, J., Tian, W., Chen, J., Yu, J., Zhang, J., and Chen, J. (2019). The application of
polyetheretherketone (PEEK) implants in cranioplasty. Brain Res. Bull. 153, 143–149.
doi:10.1016/j.brainresbull.2019.08.010

Zhang, X., He, J., Qiao, L., Wang, Z., Zheng, Q., Xiong, C., et al. (2022). 3D printed
PCLA scaffold with nano-hydroxyapatite coating doped green tea EGCG promotes
bone growth and inhibits multidrug-resistant bacteria colonization. Cell Prolif. 55 (10),
e13289–e13304. doi:10.1111/cpr.13289

Zhao, H., Wang, X., Zhang, W., Wang, L., Zhu, C., Huang, Y., et al. (2021).
Bioclickable mussel-derived peptides with immunoregulation for osseointegration of
PEEK. Front. Bioeng. Biotechnol. 9, 780609. doi:10.3389/fbioe.2021.780609

Zheng, J., Dong, E., Kang, J., Sun, C., Liu, C., Wang, L., et al. (2021). Effects of raster
angle and material components on mechanical properties of polyether-ether-ketone/
calcium silicate scaffolds. Polymers 13 (15), 2547. doi:10.3390/polym13152547

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Cao et al. 10.3389/fbioe.2023.1271140

https://doi.org/10.3390/polym13173006
https://doi.org/10.1016/S0142-9612(03)00028-0
https://doi.org/10.1002/jbm.a.34358
https://doi.org/10.1080/09205063.2017.1422852
https://doi.org/10.1016/j.colsurfb.2015.09.001
https://doi.org/10.1039/d1ra02557k
https://doi.org/10.2147/IJN.S110920
https://doi.org/10.1016/j.matdes.2021.109733
https://doi.org/10.1007/s00441-009-0828-4
https://doi.org/10.3389/fbioe.2020.631616
https://doi.org/10.1016/j.cegh.2019.01.003
https://doi.org/10.1016/j.injury.2011.06.008
https://doi.org/10.1039/c6ra07272k
https://doi.org/10.1016/j.cclet.2022.04.049
https://doi.org/10.3390/coatings11070791
https://doi.org/10.1002/jbm.a.30851
https://doi.org/10.1177/10454411920030010601
https://doi.org/10.1177/10454411920030010601
https://doi.org/10.1088/1748-6041/4/1/015005
https://doi.org/10.1016/j.biomaterials.2008.08.039
https://doi.org/10.1021/am504409q
https://doi.org/10.1002/jcp.26042
https://doi.org/10.1016/j.colsurfb.2018.10.081
https://doi.org/10.1111/cid.12706
https://doi.org/10.1111/cid.12706
https://doi.org/10.1016/j.mattod.2020.11.021
https://doi.org/10.4416/JC5T2013-00027
https://doi.org/10.4416/JC5T2013-00027
https://doi.org/10.1016/j.nano.2013.06.001
https://doi.org/10.1177/0885328208094745
https://doi.org/10.1179/000705987798271352
https://doi.org/10.1016/j.colsurfb.2021.111726
https://doi.org/10.1080/2374068X.2020.1731236
https://doi.org/10.1007/s11373-005-9032-z
https://doi.org/10.3390/jfb8040044
https://doi.org/10.1016/j.jmbbm.2008.01.004
https://doi.org/10.1097/01.bsd.0000211284.14143.63
https://doi.org/10.1097/01.bsd.0000211284.14143.63
https://doi.org/10.1021/cr400341h
https://doi.org/10.1039/b804822n
https://doi.org/10.1039/b804822n
https://doi.org/10.1038/s41580-020-00279-w
https://doi.org/10.1038/s41580-020-00279-w
https://doi.org/10.1016/j.bioactmat.2019.05.001
https://doi.org/10.1016/j.matpr.2020.07.124
https://doi.org/10.3390/molecules21060687
https://doi.org/10.3390/molecules21060687
https://doi.org/10.1016/j.matlet.2004.02.039
https://doi.org/10.1126/sciadv.abc4704
https://doi.org/10.1021/nl051861e
https://doi.org/10.1016/j.brainresbull.2019.08.010
https://doi.org/10.1111/cpr.13289
https://doi.org/10.3389/fbioe.2021.780609
https://doi.org/10.3390/polym13152547
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1271140

	Evaluation of polyetheretherketone composites modified by calcium silicate and carbon nanotubes for bone regeneration: mech ...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Preparation of CNT/CS/PEEK composites and specimens
	2.3 Mechanical properties of composites
	2.4 Scanning electron microscopy (SEM) microscopic analysis
	2.5 Surface hydrophilicity and surface roughness
	2.6 Cell culture
	2.7 Cell adhesion and proliferation
	2.8 Cell biocompatibility and metabolic viability
	2.9 Cellular morphology observed by SEM
	2.10 Bioactivity on biologic biomineralization of composites
	2.11 Alkaline phosphatase activity (ALP) assay
	2.12 Statistical analysis

	3 Results and discussion
	3.1 Morphology of composites and distribution of CS particles and CNT in composites

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


