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Abstract: The development of hydroxyapatite (HAp) and polyether ether ketone (PEEK) biocompos-
ites has been extensively studied for bone repair applications due to the synergistic properties of the
involved materials. In this study, we aimed to develop HAp/PEEK biocomposites using high-energy
ball milling, with HAp concentrations (20%, 40%, and 60% w/v) in PEEK, to evaluate their physico-
chemical, mechanical, cytotoxicity, and antimicrobial properties for potential applications in Tissue
Engineering (TE). The biocomposites were characterized by structure, morphology, apparent porosity,
diametral compression strength, cytotoxicity, and antimicrobial activity. The study results demon-
strated that the HAp/PEEK biocomposites were successfully synthesized. The C2 biocomposite,
containing 40% HAp, stood out due to the optimal distribution of HAp particles in the PEEK matrix,
resulting in higher compression strength (246 MPa) and a homogeneous microstructure. It exhibited
antimicrobial activity against Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli, with
no cytotoxicity observed. These properties make the C2 biocomposite promising for regenerative
medicine applications, combining mechanical strength, bioactivity, and biocompatibility.

Keywords: biomaterials; hydroxyapatite; PEEK; high-energy ball milling; bone repair; mechanical
properties; cytotoxicity

1. Introduction

According to the Global Burden of Diseases, Injuries, and Risk Factors Study, there
were 178 million (95% uncertainty interval, 162-196) new fractures globally in 2019, repre-
senting a 33.4% increase since 1990, with 455 million prevalent cases of acute or long-term
symptoms from a fracture [1]. In Brazil, injuries or other conditions caused by external
factors have been among the top five leading causes of hospital admissions. It is important
to note that among the morbidities categorized in the “injuries due to external causes”
chapter of the eleventh revision of the International Classification of Diseases (ICD-11),
bone fractures are the most frequent hospitalization cases, accounting for 43.1% of the
total [2].

AO Trauma International and the Orthopaedic Trauma Association (AO/OTA) indi-
cate that the repair process is complex, involving multiple stages that begin with immediate
reactions to injury, including damage to soft tissues, blood vessel rupture, and bone necro-
sis, all co-occurring. The hematoma response triggers the release of inflammatory cells,
activates osteoclasts and mesenchymal stem cells, and stimulates chondrocytes to form
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a rich, soft callus. Cycles of osteoblast and osteoclast activity subsequently restore bone
morphology and mechanical properties [3-5].

The global orthopedic implants market is expected to reach over $64 billion by 2025,
driven by factors such as an aging population, increased sports injuries, and the growth
of minimally invasive surgeries [6]. Although orthopedic implants made from metals,
ceramics, and synthetic polymers have been successful, each material class has limitations
that impact long-term performance [7]. Metals are rigid and durable but can corrode and
cause adverse tissue reactions over time [8]. Ceramics have high compressive strength but
are brittle and prone to fractures. On the other hand, polymers better match the rigidity
of bone but lack robustness and bioactivity [9]. This has driven the research into new
biomaterials that can overcome the deficiencies of current implants. Choosing an implant
to restore structural integrity is crucial for treatment, as it can avoid trauma to the donor
site, reduce patient pain, and lower the overall treatment cost, providing a new strategy for
the clinical repair of bone defects [10,11].

Bone substitutes should be biocompatible, bioresorbable, osteoconductive, osteoin-
tegrative, non-immunogenic, and non-inflammatory. Additionally, various technological
strategies can be applied for the “customization” of treatment and effectiveness in bone
regeneration, as these materials can enhance the irregularity of tissue defects and reduce
inflammation and infection in the application area [12-15]. For example, a study conducted
by Safavi et al. [16] evaluated the osteogenic activity of NiTi orthopedic implants through
HAp-Nb,Os. composite coatings. The results demonstrated that the incorporation of HAp-
Nb,O5 reinforcement particles leads to a significant increase in adhesion, proliferation, and
osteogenic activity of SAOS-2 cells (osteosarcoma). In this context, hydroxyapatite (HAp)
(Cay9(PO4)s (OH);) has such characteristics, and additionally, its biological application is
due to its chemical similarity to the inorganic components of human bones and teeth, being
the main component in the form of calcium apatite [14]. This bioceramic calcium phosphate
can be obtained from natural and synthetic sources and is hydrophilic and stable even at
high temperatures [17]. However, it has some disadvantages when used in isolation, as it is
highly brittle, with low tensile strength (18 MPa) and high compressive strength (917 MPa),
making it insufficient to promote vascularization and osteoinductivity [18].

Thus, combining bioactive inorganic phases with polymers can produce composites
with tailored biological and mechanical properties [19]. For example, in a study conducted
by Ma et al. [20] using a composition and injection molding technique, they assessed the
bioactivity of a polyether ether ketone (PEEK) biocomposite with HAp. The in vitro bioac-
tivity evaluation demonstrated cellular attachment and proliferation of MC3T3-E1 cells
(pre-osteoblast cell type) on the material’s surface, showing enhanced spreading efficiency.
Additionally, this composite induced the formation of an apatite layer, and the attracted
osteoblasts proliferated and differentiated to produce collagen and protein, which mineral-
ized to form a new bone interface. Another study conducted by Qiu et al. [21] examined the
osteointegration and antimicrobial properties of PEEK implants by applying a double-layer
coating of amorphous magnesium phosphate (AMP) and HAp, where the PEEK was sul-
fonated using an ultrasonic method and the AMP/HAp was processed using microwave
technology. The results demonstrated that surface modification conferred antibacterial
properties, highlighting the potential of these composite coatings in preventing infections.

It is important to note that PEEK has been approved by the U.S. Food and Drug
Administration (FDA) as an implant material since the 1980s [22]. It belongs to a family of
high-temperature thermoplastic polymers, semicrystalline with chemical stability and an
elastic modulus around 3.6 GPa, close to bone tissue [23]. Despite its high macromolecular
rigidity, its planar conformation allows the polymer chains to be organized into crystalline
and amorphous domains [24]. Biocomposites made from this polymer or surface modifica-
tions have been prepared using various methodologies such as direct injection molding,
three-dimensional (3D) printing technology [25], sol-gel processing [26], plasma spray-
ing [27,28], and physical or chemical vapor deposition [21]. However, they have limitations
such as multi-step preparation processes and high costs. Additionally, the high cost of
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implant-grade raw materials, such as PEEK, can lead companies to face large-scale process
reproducibility challenges. Therefore, alternative methods to achieve higher productiv-
ity in the production of these implants should be considered, as the level of crystallinity
and crystalline morphology can influence the physical properties of PEEK-containing
composites [29].

Thus, high-energy ball milling can ensure optimized processing through a single-step
methodology, such as physical mixing, allowing for high reproducibility. Moreover, it
can lead to a more uniform distribution of HAp particles within the PEEK matrix, and
this homogeneity is essential for achieving consistent mechanical and biological proper-
ties throughout the material. Therefore, this study aimed to evaluate the properties of
HAp/PEEK biocomposites formed by high-energy milling.

2. Materials and Methods
2.1. Materials

The biocomposites, a significant advancement in materials science, were produced us-
ing the following materials: Victrex® polyether ether ketone (PEEK) under the commercial
code Vicote 702. Hydroxyapatite (HAp) was synthesized by precipitation at the Laboratory
of Ceramic Materials Synthesis (LabSMaC, Campina Grande, Brazil), and acetone was 99%.

2.2. Synthesis of Biocomposites by High-Energy Ball Milling

The synthesis of HAp followed the methodology proposed by Saeri et al.; Baran-
dehfard et al.; and Sarkar et al. [30-32], using the precipitation method with a phospho-
rus/calcium ratio of 1.67. Initially, solutions of calcium hydroxide (Ca(OH);) and phospho-
ric acid (H3PO4) were prepared at 2 M. The calcium hydroxide solution was subjected to
constant stirring for 30 min in an IKA® RH essential KT/C mixer /heater until it reached a
temperature of 80 °C. After this, the H3PO4 solution was added dropwise while stirring
at 100 rpm. The solution was left in an oven at 110 °C for 24 h. The product was sifted
through an ABNT 100 mesh sieve (150 um). The produced material was then characterized
and used to prepare the biocomposite formulations.

The addition of HAp to PEEK, based on the mass/volume ratio, was carried out in
proportions of 20% (C1), 40% (C2), and 60% (C3). The proportions of HAp were determined
based on bone composition, which has approximately 70% inorganic phase [33]. A ball mill
was used to mill a PEEK/HAp composite using alumina balls as the grinding medium. The
ratio between the weight of the grinding balls and the weight of the material was optimized
to maximize milling efficiency and ensure a homogeneous material distribution. A jar with
a total volume of 225 mL was used, and alumina balls with a diameter of 5 mm were added.
The total mass of the balls used was 270 g. In addition to the alumina balls, 23.33 g of
PEEK/HAp composite powder was added to the jar. This configuration provides enough
space for the balls to move during the milling process, promoting effective impacts and
adequate milling of the PEEK/HAp powder. The milling time was set to 18 h, allowing the
material to be sufficiently processed and ensuring uniformity without causing excessive
milling. The rotation speed was adjusted to 120 rpm, which is ideal for avoiding material
segregation and ensuring efficient mixing. Figure 1 shows the production flowchart of
PEEK/HAp biocomposites.



Polymers 2024, 16, 2520

40f18

PRODUCTION OF HYDROXYAPATITE |

Calcium hydroxide solution

x 24h |1 100 mesh

Precipitation method I Bacteriological oven drying = Sieving the precipitate

| PRODUCTION OF HYDROXYAPATITE AND PEEK PELLETS |

6h
X C1
18h .
& 110°C
@Y 120 rpm
(@ 200 .
c2 | )
e
- "
N\ )
( Cc3 )
Mixing hydroxyapatite and PEEK in ball mill —p Bacteriological oven drying —> Compression molding = Samples photography

Figure 1. Manufacturing process of the biocomposites.

2.3. Characterization
2.3.1. X-ray Diffraction (XRD)

The phases present and crystallinity were determined from X-ray diffraction (XRD)
data using a BRUKER diffractometer (Bruker, Billerica, MA, USA), model D2 Phaser, with
copper radiation (CuKal = 1.54056 A) at 40 kV and 30 mA. The scanning was performed in
the range of 10° < 20 < 80°, with a speed of 0.016° /min and a time of 5 s.

2.3.2. Fourier Transform Infrared Spectroscopy (FTIR)

The spectra obtained in the Fourier Transform Infrared (FTIR) region were recorded
using a BRUKER VERTEX 70 FI-IR (Bruker, Billerica, MA, USA), model 660-IR, between
4000 and 500 cm ™1, with a resolution of 4 cm~?! and 32 scans.

2.3.3. Scanning Electron Microscopy (SEM/EDS)

The morphology and the presence of clusters were analyzed using Scanning Electron
Microscopy (SEM) with a VEGA 4, TESCAN (TESCAN, Brun, Czech Republic), operating
between 10 and 15 mA, using a magnification of 5000 x. The samples were gold-coated.
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2.3.4. Apparent Porosity Determination

For the apparent porosity (PA) test, samples with a thickness of 3.94 mm and a diameter
of 22.6 mm were used. The evident porosity test was based on Archimedes’ principle. The
samples were prepared and dried at 345 °C for 30 min to obtain the dry weight (Ps).
Subsequently, they were immersed in 20 mL of distilled water for 24 h, and the immersed
weight (Pi) and the wet weight (Pu) were measured.

2.3.5. Compressive Strength Mechanical Testing

This was performed using an INSTRON 5582 universal testing machine (INSTRON,
Sao Paulo, Brazil), with a load of 10 N and a speed of 1.3 mm/min (ASTM D 695-23) [34],
with one grip fixed and the other mobile. Three samples were tested for each batch,
with tests conducted at room temperature between 20 and 25 °C. The average values and
standard deviations were calculated based on the three samples from each group.

2.3.6. Cytotoxicity Testing

Cytotoxicity was assessed using the Agar Diffusion method, according to ISO 10993-
5:2009 [35], and adapted by Pina et al. and Wanderley et al. [36,37]. This method assesses
the effects of the material on cells by using an agar layer that allows the diffusion of chemical
substances from the sample to the cell layer [38,39]. The L929 fibroblast cell line (ATCC
NCTC clone 929, Rio de Janeiro Cell Bank, Rio de Janeiro, Brazil) was cultured in RPMI
1640 medium (Gibco—Invitrogen Corporation, Grand Island, NE, USA) and incubated in a
humidified incubator at 37 °C and 5% CO, until 80% confluence was reached. Subsequently,
trypsinization with 0.25% trypsin (Gibc0®, Life Technologies, Carlsbad, CA, USA) and cell
counting was performed using an automated cell counter Interwoven—Thermo Fisher
(Waltham, MA, USA). Suspensions of 1.0 X 10° cells/mL were distributed into 6-well plates,
with 4 mL added to each well, and incubated under the same conditions described above
for 24 h. Upon reaching uniform 80% confluence in the plates, a detailed examination
was conducted using a microscope, the culture medium was aspirated, and 1 mL/well of
medium prepared with MEM 2X concentrated (Gibco®—Invitrogen Corporation, Grand
Island, NE, USA) and 1.8% agar solution with 0.01% neutral red (Sigma-Aldrich, St. Louis,
MI, USA) was added. This was kept in the dark at room temperature for 10 minutes to
solidify. Test samples of 1 cm? were placed in the center of the agar surfaces, along with
positive (latex sheet) and negative (high-density polyethylene—HDPE) controls in triplicate.
The plates were wrapped in aluminum foil and incubated upside down for 24 h in a humid
chamber at 37 °C and 5% CO;. In the end, following the guidelines of ISO 10993-5:2009,
the areas of discoloration around the sample were measured, and an inverted microscope
Nikon Eclipse TS100 (Minato, Tokyo, Japan) was used to analyze cell lysis, with images
recorded after 24 h of incubation. The discolored areas and lysis were graded according to
the ISO 10993-5:2009 guidelines, as shown in Table 1, as follows: 0 = no detectable cell lysis;
1 =less than 20% cell lysis; 2 = 20-40% cell lysis; 3 = 40-60% cell lysis; 4 = 60-80% cell lysis;
5 = more than 80% cell lysis.

Table 1. Degree of cytotoxicity.

Degree Cytotoxicity Description of the Cytotoxicity Zone
0 Absence Absence of bleaching around or under the sample.
1 Light Bleaching zone limited to the area under the sample
2 Soft Sample bleaching zone size less than 0.45 cm.
3 Moderate Sample bleaching zone size less than 0.45 cm to 1.0 cm.
4 Severe Size of the sample bleaching zone greater than 1.0 cm, but

not involving the entire plate.




Polymers 2024, 16, 2520

6 of 18

2.3.7. Determination of Antimicrobial Activity from the Minimum Inhibitory
Concentration (MIC)

Preparation of Bacterial Suspension and Inoculum Standardization

To determine antimicrobial activity based on the minimum inhibitory concentration
(MIC), microbial strains from the American Type Culture Collection (ATCC) were used:
S. aureus (ATCC 25923), P. aeruginosa (ATCC 27853), and E. coli (ATCC 25922). These strains
were maintained at the Drug Development and Testing Laboratory of UEPB (Labdem-
UEPB), stored in brain-heart infusion broth (BHIB) (DIFCO®) and 20% (v/v) glycerol. The
inoculum was standardized according to Clinical Laboratory Standards Institute (CLSI)
MO07 guidelines, using a Mueller Hinton broth (MHB) (DIFCO®) culture incubated for 24 h
at 35 + 2 °C. The inoculum was standardized to achieve a concentration corresponding
to a MacFarland 0.5 scale in MHB, and for the assays, the initial inocula were diluted to a
concentration of 2.0 to 8.0 x 10° CFU/mL [40].

Broth Microdilution Method for Minimum Inhibitory Concentration Determination

The minimum inhibitory concentrations (MICs) were determined in 96-well microdilu-
tion plates following the methodologies outlined by the Clinical and Laboratory Standards
Institute M07 and M27 (CLSI, 2018). To this end, 190 uL of Mueller Hinton broth was added
to each well of sterile round-bottom plates, and then 10% (w/v) of the PEEK/HAp C2 pow-
der from the test compounds was added. Serial dilutions of the composite were performed
to obtain final concentrations ranging from 100 x 10% pg/mL to 390.62 pg/mL. Each well
received 10 pL of a bacterial suspension with a final concentration of 1.5 x 108 CFU/mL.
After treatment, the plates were incubated at 35 & 2 °C for 24 h. The positive and negative
controls involved bacterial suspension combined with broth and only the culture medium.
Antibiotics such as ciprofloxacin hydrochloride (CIPRO), oxacillin (OXA), and ceftazidime
(CFT) were used as positive controls at a concentration of 200 pg/mL. After the incubation
period, 20 pL of 2% triphenyl tetrazolium chloride (TTC) in sterilized water was added,
and after 1 hour of incubation, visual readings were performed.

3. Results and Discussion

Figure 2 presents the X-ray diffractograms of HAp, PEEK, and the composites with
varying HAp contents. In Figure 2, it can be observed that calcium HAp was successfully
obtained using the precipitation method, as evidenced by the presence of characteristic
peaks corresponding to the crystal planes (21 3),(222),(310),(202),(112),(211),(210),
and (0 0 4) at approximately 26°, 31.8°, 33°, 40°, 46°, and 50°, respectively. This behavior
was also reported by Li et al. [41], who studied the 3D printing of PEEK biocomposites with
Cap(OH)(POy4)3 for bone implants. For PEEK, as shown in Figure 2b, a broadband with four
peaks corresponding to the diffraction planes (110), (111), (200), and (211) was observed at
around 18.8°, 21°, 22.6°, and 28.7°, respectively. This is typical of a semicrystalline polymer.
These characteristics were also reported by Asante et al. [42], who studied sulfonated
carbon fiber-reinforced PEEK at room temperature with HAp coating.

The diffractograms in Figure 2c—e show that the biocomposites were formed by adding
20%, 40%, and 60% HAp to PEEK, respectively. It can be noted that the addition of HAp
did not significantly alter the characteristics of the PEEK matrix, as the main diffraction
peaks characteristic of both HAp and PEEK are displayed. This behavior demonstrates that
the HAp/PEEK biocomposite was successfully synthesized. Such characteristics were also
reported by Ma et al., Qi et al., and Yusong et al. [20,43,44], when evaluating the bioactivity
of a HAp-incorporated PEEK biocomposite.

Figure 3 illustrates the FTIR spectra of HAp, PEEK, and the biocomposites, as a
function of HAp content, in the range of 4000-500 cm .
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Figure 2. X-ray diffractograms: (a) HAp, (b) PEEK, (c) C1, (d) C2, and (e) C3.

When analyzing the FTIR spectrum of HAp, characteristic bands for HAp functional
groups are observed around 1026 cm~! and 1094 cm ™!, corresponding to the asymmetric
stretching vibration of the PO43~ group, and another at 960 cm ™!, associated to the sym-
metric stretching vibrations of PO43~. A band at 871 cm™! is attributed to the stretching
vibrations of CO32~, indicating the presence of carbonate ions in phosphate units (type B
substitution). Absorption bands appearing at 3569.59 cm~!and 632.53 cm ! correspond
to the stretching and bending vibrations of structural OH. These characteristic absorption
bands of HAp are consistent with results obtained by Xu et al., Nascimento et al., and
Tabrizi et al. [45-47].
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Figure 3. Infrared spectra: (a) HAp, (b) PEEK, (c) C1, (d) C2, and (e) C3.

The FTIR spectrum of PEEK showed absorption bands for aromatic CH groups at 671,
766, 830, and 929 cm ™!, suggesting angular deformation of the aromatic CH group. Bands
at 1011, 1159, 1170, and 1213 cm ! correspond to asymmetric stretching of the C-O group.
Axial deformation bands at 1278, 1305, and 1488 cm ! are associated with the C=C group,
related to the aromatic ether C-O group. Bands at 1594 and 1645 cm ™! correspond to the
primary and secondary stretching of the carbonyl C=O group, respectively. These bands
were also reported by [48], who studied the characterization of the chemo-mechanical
properties of polyether ether ketone (PEEK).

From the FTIR spectra of the HAp/PEEK biocomposites (Figure 3c—e), a band at
1000 cm~! was observed, corresponding to the asymmetric stretching deformation of the
PO,3 group. The bands at 671, 766, 830, and 929 cm ™! are associated with PEEK, suggesting
angular deformation of the aromatic CH group. Bands at 1011, 1159, 1170, and 1213 cm ™!
indicate asymmetric stretching of the C-O group. Bands at 1594 and 1645 cm ™! correspond
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to the primary and secondary stretching of the carbonyl C=0O group, respectively. The
results indicate that HAp is incorporated into the PEEK chain, which is essential for
enhancing the functional behavior of the biocomposite.

Figure 4 shows the scanning electron microscopy (SEM) micrographs, EDS spectra,
and EDS mapping of HAp, PEEK, and the biocomposites, at a magnification of 5000 x.
Figure 4a demonstrates that the HAp sample consists of irregular, rounded aggregates with
a broad distribution. This morphology is typical of HAp synthesized by coprecipitation, as
also reported by Afshar et al. [49]. According to Ponciano et al. [50], this synthesis route
produces nanometric particles that enhance bone tissue bonding, cell proliferation, and
better dispersion. The EDS spectrum confirmed the predominant presence of calcium and
phosphate, the main elements in the chemical composition of HAp.

In Figure 4b, it can be seen that PEEK exhibits a morphology of rounded grains with a
dense and spherical structure, characteristic of PEEK, as also reported by Manzoor et al. [51].
EDS mapping showed a homogeneous distribution of carbon and oxygen elements, while
the EDS spectrum highlighted the prominent peaks of these two elements, confirming the
predominant chemical composition of PEEK.

Regarding the HAp/PEEK biocomposites, the presence of distributed granules was
observed, indicating that the increased amount of HAp favored more significant densifica-
tion and interaction of the HAp particles, which tend to form agglomerates due to Van der
Waals forces and hydrogen bonding [52]. In Figure 4e, the HAp particles are distributed
heterogeneously on the surface, with a discrete increase in particle agglomerates of var-
ious sizes and shapes dispersed on the PEEK surface. In Figure 4d, the HAp particles
are dispersed uniformly within the PEEK matrix. The addition of HAp makes the PEEK
surface more hydrophilic, which can facilitate cell adhesion to the surface of an implant
and, consequently, promote bone growth [20].

Figure 4. Cont.
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Figure 4. SEM images with chemical mapping by EDS, for: (a) HAp, (b) PEEK, (c) C1, (d) C2, and
(e) C3.

Figure 5 illustrates the apparent porosity of the HAp/PEEK biocomposites with
different HAp concentrations. It can be observed that all biocomposites exhibited an
apparent porosity ranging from 0.10 to 0.16%.

When analyzing the porosity of the samples, it is noteworthy that the apparent poros-
ity of the C3 biocomposite was higher than that of the C1 and C2 biocomposites. An
increase in apparent porosity was observed for each of the biocomposites obtained with the
incorporation of HAp. This behavior was expected due to the increased amount of HAp
in PEEK. This phenomenon was also reported by Li et al. [53], who studied PEEK-based
biocomposites for orthopedics. HAp, when processed at high concentrations, can hinder
the complete sintering of grains. This occurs because the material’s density may limit
the diffusion of calcium and phosphate ions between particles. Sintering can result in a
network of interconnected microchannels and pores, which increase the material’s porosity.
HAp granules may agglomerate during the molding process, creating voids between them.
These voids remain as pores after sintering, contributing to the total porosity of the material.
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Figure 5. Histogram of apparent porosity of the C1, C2, and C3 biocomposites.

According to Bastan et al. [54], the PEEK particles spread over the substrate and
acted as a continuous matrix due to the applied heating temperature (above the melting
point). The PEEK matrix can maintain mechanical integrity while the HAp particles
provide in vitro bioactivity to the composite coating. Previous studies have shown that
porous surfaces can provide a larger surface area and enhance blood supply and oxygen
delivery within bone tissues [55-58]. Additionally, HAp can promote bone cell growth and
regeneration, improve adhesion between bone tissue and the implant, and regulate the rate
and direction of bone remodeling [53,58].

Understanding the density and porosity of HAp/PEEK biocomposites is extremely
important because the more significant the chemical, physical, and structural similarity
between the prosthesis and bone tissue, the lower the likelihood of future issues with
the implant. The porous surface is essential in a bone repair biomaterial, as it aids in
new bone formation and neovascularization, produces more excellent wettability, and
promotes the diffusion of biological fluids. This facilitates adherence and enhances cellular
activity, characteristics that are essential in grafts. According to Dorozhkin [33], porous
structures increase the surface area, improving space for cell attachment and favoring
chemical bonding with the adjacent tissue. Additionally, porosity regulates bioactivity as it
directly affects structural permeability, which controls the initial rate of tissue regeneration
and influences mechanical properties.

Properly combining raw materials and processing techniques makes it possible to
obtain biocomposites with high structural uniformity and mechanical strength values that
make them suitable for various applications, including bone repair. Figure 6 illustrates the
compressive stress vs deformation curves of the HAp/PEEK biocomposites with different
HAp concentrations.

PEEK and hydroxyapatite-based biocomposites have shown characteristic behavior
of semicrystalline materials in their compression strength curves, as observed in Figure 6.
Despite its macromolecular rigidity, PEEK exhibits considerable deformation and can
withstand significant levels of plastic deformation in both stress and compression. These
materials are influenced by parameters such as temperature, test speed, and crystallinity,
which can affect the penetration of HAp particles and consequently influence the morphol-
ogy of the biocomposites, impacting their mechanical properties.
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Figure 6. Compression strength curves as a function of extension for the biocomposites: (a) C1, (b) C2,
and (c) C3.

The results of the compression tests indicate that the mechanical strength of the
biocomposites does not follow a linear response as the concentration of HAp increases
in PEEK. For example, the C2 biocomposite exhibited an average compressive strength
of 246 MPa =+ 0.9, significantly higher than the other samples (C1: 34 MPa + 0.8 and
C3: 96 MPa =+ 0.7). This behavior can be attributed to the uniform and well-dispersed
distribution of HAp within the PEEK matrix, as previously observed in the EDS results.
This confirmed the homogeneity of the constituent mixture in the C2 sample, resulting in
higher compressive strength. On the other hand, SEM revealed areas of porosity and HAp
particle aggregation in the C3 biocomposite. These defects act as weak points under load,
leading to a decline in mechanical properties. In a study conducted by Zheng et al., it was
demonstrated that an excess of HAp reduced the mechanical properties of the HAp/PEEK
composite [58].

The results suggest that a well-refined and homogeneous microstructure, with good
interfacial adhesion between PEEK and HAp, is essential for achieving a composite with
excellent mechanical performance. The C2 biocomposite exhibited higher mechanical
strength, which is attractive for biomaterial applications requiring compressive stress. Ac-
cording to Silva [59], materials for bone repair should demonstrate the strength to withstand
mechanical forces while regenerating. However, this strength does not necessarily need to
be equivalent to that of bone, as over time, there is a significant increase in compression,
ranging from 10 to 30 MPa, due to the growth of bone tissue in vivo.
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The agar diffusion test was chosen to analyze the cytotoxicity of the HAp/PEEK
biocomposites. This method involves evaluating the effects of the samples through an
agar layer, which protects the cells from mechanical damage and allows the diffusion of
substances from polymeric samples. The discoloration index was obtained by averaging
the halo measurements in four sample quadrants, starting from its edge, as presented in
Table 2. The positive control had an index of three; the average discoloration zone was
0.88 cm, with a moderate cytotoxicity level. The negative control, as expected, did not
cause cell lysis and was classified as non-cytotoxic. The HAp/PEEK sample tested by the
agar diffusion method did not show halo formation, a result similar to the negative control.
This result indicates the absence of cytotoxicity, as shown in Table 2.

Table 2. Results of the agar diffusion test on HAp/PEEK biocomposites.

Tested Material Degree Discoloration Cell Lysis Interpretation
Positive control 3 4 Moderate cytotoxicity

Negative control 0 0 Non-cytotoxic

white 0 0 Non-cytotoxic

C1 0 0 Non-cytotoxic

2 0 0 Non-cytotoxic

c3 0 0 Non-cytotoxic

The images obtained from inverted digital microscopy were recorded after scanning
the wells, prioritizing the sample’s contour to verify the occurrence of cell lysis. The images
presented in Figure 7 were qualitatively evaluated for the presence or absence of cell
lysis, and the results were compared with the positive and negative controls. The positive
control (Figure 7a) caused complete clearing, clearly reflecting cell lysis under and around
the sample, confirming the cytotoxic nature indicated in Table 2. On the other hand, the
negative and white controls (Figure 7b,c), as well as the samples (HAp/PEEK) (Figure 7d-f),
exhibited a vital fibroblastic cell layer, where the uptake of neutral red dye occurred after
24 h of incubation. This indicates the absence of cytotoxicity in the tested (HAp/PEEK)
samples and their viability for biological use in general biomaterial applications. The blank
well (Figure 7c) should be treated as a parameter to observe the uptake of neutral red dye
by living cells.

These results indicate that the HAp/PEEK samples were not toxic to the cells, mak-
ing them viable for biomaterial applications, especially in regenerative medicine. These
findings are consistent with reports in the literature that evaluated the cytotoxicity of
HAp/PEEK [60]. Therefore, these biocomposites have promising potential for biomedical
applications, considering their biocompatibility and safety of the tested cells.

The HAp/PEEK (C2—40/60%) biocomposite showed better mechanical behavior,
which favors its application as a high-performance biomaterial. Therefore, it is essential
to consider that exposed orthopedic wounds are highly susceptible to bacterial infection,
the primary cause of implant surgery failure. Thus, implants with antimicrobial activity
can help prevent infections at the site [61]. Given this, the antimicrobial activity of the
HAp/PEEK (C2—40/60%) biocomposite was evaluated, and the results are presented in
Table 3. According to the results, the biocomposite C2 demonstrated antibacterial activity,
with minimum inhibitory concentration (MIC) against S. aureus, P. aeruginosa, and E. coli.
The bactericidal effect of the biocomposite C2 was observed at twice the MIC concentration.
It is important to note that isolated PEEK has low antimicrobial properties, which limits its
application [62]. Thus, several strategies have been employed to enhance the antimicrobial
activity of PEEK, such as surface modification or combining it with other materials [63]. In
this regard, using coating materials like hydroxyapatite (HAp) is considered to improve
the antibacterial properties of the implant material [64], as previously verified by the EDS
results, which confirmed the homogeneity of the constituent mixture in this biocomposite.
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Figure 7. Images obtained by inverted digital microscopy at 100x magnification of the L929 cell
line in the discoloration zones around the samples in the agar diffusion test: (a) positive control,
(b) negative control, (c) blank, (d) C1, (e) C2, and (f) C3.

Table 3. MIC/MBC of Biocomposite C2.

MIC/MBC (ug.mL-1)

Microrganisms 2 CIPRO OXA CFT

S. aureus ATCC (25923) 1562.5/3125 200 200 -
P. aeruginosa ATCC (27853) 1562.5/3125 200 - 200
E. coli ATCC (25922) 390.62,/781.25 200 - 200

ATCC—American Type Culture Collection; MIC—Minimum Inhibitory Concentration; MBC—Minimum Bacteri-
cidal Concentration; CIPRO—Ciprofloxacin Hydrochloride; OXA—Oxacillin; CFT—Ceftazidime.

The study conducted by Wang et al. [65] demonstrated that bacterial biofilms
formed and reached a thickness of about 90 um with live bacteria visible on the surface
of isolated PEEK. In contrast, bacterial cells were killed on the surface of the PEEK/
nanofluorohydroxyapatite biocomposite, suggesting the antimicrobial activity of this com-
posite. This bioceramic material affects both Gram-positive and Gram-negative bacteria
due to its ability to penetrate bacterial cell walls through electrostatic interaction with the
cell wall [66]. Additionally, other studies have shown activity through the production
of reactive oxygen species (OH~, H,O, e O,72) that can disrupt bacterial membranes,
abrasive surface ordering due to surface effects, and aggregates that may contribute to
mechanical damage to the bacterial cell membrane [67].

4. Conclusions

The synthesis of hydroxyapatite (HAp) and polyether ether ketone (PEEK) biocom-
posites using high-energy ball milling has proven to be a promising approach for creating
materials for bone regeneration. The incorporation of HAp into PEEK resulted in signifi-
cant changes in the material’s morphology, particularly regarding porosity and mechanical
strength. Among the analyzed biocomposites, C2, with 40% HAp, stood out for its effective
antibacterial activity against S. aureus, P. aeruginosa, and E. coli, showing notable minimum
inhibitory concentration (MIC) and bactericidal effect at concentrations above the MIC.
Additionally, cytotoxicity tests revealed that C2 is non-toxic to cells, confirming its viability
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in biomaterials and safety in contact with biological tissues. The developed system offers
significant potential for various medical applications, especially in bone restoration, due to
its well-balanced combination of mechanical and biological properties.

Author Contributions: Conceptualization, J.A.C.F.,, C.B.B.L.,, M.R.C. and G.M.P.D.; Methodology,
J.A.C.F,, C.B.B.L.,, M.R.C. and G.M.P.D.; Validation, M.R.C., A.C.Ed.M.C. and N.M.d.S.0.; Formal
analysis, J.A.C.F,, C.B.B.L., M.R.C.,, GM.PD., A.CEd.M.C. and N.M.d.S.0O,; Investigation, ].A.C.E,
C.B.B.L.,, M.R.C. and G.M.P.D.; Resources, A.C.Ed.M.C. and N.M.d.S.0O.; Data curation, A.C.Ed.M.C.
and N.M.d.S.O.; Writing—original draft, ] A.C.E, C.B.B.L., M.R.C.,, GM.PD., A.CEdM.C. and
N.M.d.S.O., A.CEdM.C. and N.M.d.S.0.; Writing—review & editing, M.R.C., A.C.Ed.M.C. and
N.M.d.S.0O.; Visualization, A.C.Ed.M.C. and N.M.d.5.0,; Supervision, A.C.Ed.M.C. and N.M.d.S.0,;
Funding acquisition, A.C.Ed.M.C. and N.M.d.S.O. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors are grateful for the financial support from CAPES (001) and CNPq (Ana
Cristina Figueiredo de Melo Costa—Process: 407850/2022-8; Carlos Bruno Barreto Luna—Process:
350025/2023-1).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding author.

Acknowledgments: The authors would like to thank the Coordination for the Improvement of Higher
Education Personnel (CAPES—Brazil) and the National Council for Scientific and Technological
Development (CNPgq—Brazil) for the financial support and the Laboratory for the Evaluation and
Development of Biomaterials of the Northeast—CERTBIO.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

Wu, A.-M,; Bisignano, C.; James, S.L.; Abady, G.G.; Abedi, A.; Abu-Gharbieh, E.; Alhassan, R.K.; Alipour, V.; Arabloo, ].; Asaad, M.
Global, regional, and national burden of bone fractures in 204 countries and territories, 1990-2019: A systematic analysis from the
Global Burden of Disease Study 2019. Lancet Healthy Longev. 2021, 2, e580-e592. [CrossRef]

Celiniski, M.; Cybulski, M.; Filon, ].; Muszalik, M.; Goniewicz, M.; Krajewska-Kutak, E.; ‘Slifirczyk, A. Analysis of medical
Management in Geriatric Patients in the hospital emergency department by example of selected cities with county status in
Poland: A retrospective cohort study. Int. J. Environ. Res. Public Health 2021, 19, 48. [CrossRef]

Kodama, J.; Wilkinson, K.J.; Iwamoto, M.; Otsuru, S.; Enomoto-Iwamoto, M. The role of hypertrophic chondrocytes in regulation
of the cartilage-to-bone transition in fracture healing. Bone Rep. 2022, 17, 101616. [CrossRef] [PubMed]

Park, S.; Rahaman, K.A.; Kim, Y.-C.; Jeon, H.; Han, H.-S. Fostering tissue engineering and regenerative medicine to treat
musculoskeletal disorders in bone and muscle. Bioact. Mater. 2024, 40, 345-365. [CrossRef]

Tsang, K.Y.; Cheah, K.S.E. The extended chondrocyte lineage: Implications for skeletal homeostasis and disorders. Curr. Opin.
Cell Biol. 2019, 61, 132-140. [CrossRef] [PubMed]

Zhang, J.; Zhang, L.; Li, C.; Chai, W.; Zhang, L.; Chen, H.; Zhang, W.; Hou, Z.; Chen, B.; Sun, T. Clinical guidelines for the
diagnosis and treatment of fragility fractures of the pelvis. Orthop. Surg. 2023, 15, 2195-2212. [CrossRef] [PubMed]

Hu, C.; Ashok, D.; Nisbet, D.R.; Gautam, V. Bioinspired surface modification of orthopedic implants for bone tissue engineering.
Biomaterials 2019, 219, 119366. [CrossRef]

Bartolomeu, E; Costa, M.M.; Alves, N.; Miranda, G.; Silva, ES. Additive manufacturing of NiTi-Ti6Al4V multi-material cellular
structures targeting orthopedic implants. Opt. Lasers Eng. 2020, 134, 106208. [CrossRef]

Rodriguez-Contreras, A.; Punset, M.; Calero, J.A.; Gil, EJ.; Ruperez, E.; Manero, ]. M. Powder metallurgy with space holder for
porous titanium implants: A review. J. Mater. Sci. Technol. 2021, 76, 129-149. [CrossRef]

Jia, Z.; Xu, X.; Zhu, D.; Zheng, Y. Design, printing, and engineering of regenerative biomaterials for personalized bone healthcare.
Prog. Mater. Sci. 2023, 134, 101072.

élusarczyk, K.; Flejszar, M.; Spilarewicz, K.; Wytrwal, M.; Awsiuk, K.; Wolski, K.; Raczkowska, J.; Janiszewska, N.; Chmielarz, P. On
the way to increase osseointegration potential: Sequential SI-ATRP as promising tool for PEEK-based implant nano-engineering.
Eur. Polym. J. 2024, 210, 112953. [CrossRef]

Adhikara, A.G.; Maharani, A.P,; Puspitasari, A.; Nuswantoro, N.F,; Juliadmi, D.; Maras, M.A.].; Nugroho, D.B.; Saksono, B.
Bovine hydroxyapatite for bone tissue engineering: Preparation, characterization, challenges, and future perspectives. Eur. Polym.
J. 2024, 214, 113171. [CrossRef]


https://doi.org/10.1016/S2666-7568(21)00172-0
https://doi.org/10.3390/ijerph19010048
https://doi.org/10.1016/j.bonr.2022.101616
https://www.ncbi.nlm.nih.gov/pubmed/36105852
https://doi.org/10.1016/j.bioactmat.2024.06.022
https://doi.org/10.1016/j.ceb.2019.07.011
https://www.ncbi.nlm.nih.gov/pubmed/31541943
https://doi.org/10.1111/os.13755
https://www.ncbi.nlm.nih.gov/pubmed/37435891
https://doi.org/10.1016/j.biomaterials.2019.119366
https://doi.org/10.1016/j.optlaseng.2020.106208
https://doi.org/10.1016/j.jmst.2020.11.005
https://doi.org/10.1016/j.eurpolymj.2024.112953
https://doi.org/10.1016/j.eurpolymj.2024.113171

Polymers 2024, 16, 2520 16 of 18

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

Daneshvar, A.; Farokhi, M.; Bonakdar, S.; Vossoughi, M. Synthesis and characterization of injectable thermosensitive hydrogel
based on Pluronic-grafted silk fibroin copolymer containing hydroxyapatite nanoparticles as potential for bone tissue engineering.
Int. ]. Biol. Macromol. 2024, 277, 134412. [CrossRef]

Fendi, F; Abdullah, B.; Suryani, S.; Usman, A.N.; Tahir, D. Development and application of hydroxyapatite-based scaffolds for
bone tissue regeneration: A systematic literature review. Bone 2024, 183, 117075. [CrossRef] [PubMed]

Soleymani, S.; Naghib, S.M. 3D and 4D printing hydroxyapatite-based scaffolds for bone tissue engineering and regeneration.
Heliyon 2023, 9, €19363. [CrossRef]

Safavi, M.S.; Khalil-Allafi, J.; Visai, L. Improved osteogenic activity of NiTi orthopedic implant by HAp-Nb205 composite
coatings: Materials and biological points of view. Biomater. Adv. 2023, 150, 213435. [CrossRef]

Chopra, V.; Fuentes-Velasco, V.; Nacif-Lopez, S.R.; Melendez-Malpicca, J.; Mendez-Hernandez, A.S.; Ramos-Mendez-Iris, L.F,;
Arroyo-Jimenez, D.A.; Reyes-Segura, D.G.; Gonzalez-Y-Mendoza, P; Sanchez-Hernandez, K.A. Advancements in 3D-4D printing
of hydroxyapatite composites for bone tissue engineering. Ceram. Int. 2024, in press. [CrossRef]

Gani, M.A,; Budiatin, A.S.; Shinta, D.W.; Ardianto, C.; Khotib, J. Bovine hydroxyapatite-based scaffold accelerated the in-
flammatory phase and bone growth in rats with bone defect. J. Appl. Biomater. Funct. Mater. 2023, 21, 22808000221149193.
[CrossRef]

El-Kady, A.M.; Mahmoud, EM.; Sayed, M.; Kamel, SM.; Naga, SM. In-vitro and in-vivo evaluation for the bio-natural
Alginate /nano-Hydroxyapatite (Alg/n-HA) injectable hydrogel for critical size bone substitution. Int. J. Biol. Macromol. 2023,
253,126618. [CrossRef]

Ma, R.; Guo, D. Evaluating the bioactivity of a hydroxyapatite-incorporated polyetheretherketone biocomposite. J. Orthop. Surg.
Res. 2019, 14, 32. [CrossRef]

Qiu, B.; Zhao, C.; Pan, J.; Zhou, Q.; Yao, W. Enhancing osteointegration and antibacterial properties of PEEK implants via
AMP /HA dual-layer coatings. Surf. Interfaces 2024, 51, 104761. [CrossRef]

He, M.; Huang, Y.; Xu, H.; Feng, G.; Liu, L,; Li, Y,; Sun, D.; Zhang, L. Modification of polyetheretherketone implants: From
enhancing bone integration to enabling multi-modal therapeutics. Acta Biomater. 2021, 129, 18-32. [CrossRef]

Han, X.; Gao, W.; Zhou, Z; Yang, S.; Wang, J.; Shi, R.; Li, Y;; Jiao, J.; Qi, Y.; Zhao, J. Application of biomolecules modification
strategies on PEEK and its composites for osteogenesis and antibacterial properties. Colloids Surf. B Biointerfaces 2022, 215, 112492.
Li, J.; Liu, H.; Wang, Y.; Wang, L.; Liu, G.; Chen, C.; Wei, L.; Li, H. Strength-plasticity synergetic CF/PEEK composites obtained by
adjusting melt flow rate. Polymer 2024, 305, 127186.

Hu, Q.; Wang, Y; Liu, S.; Liu, Q.; Zhang, H. 3D printed polyetheretherketone bone tissue substitute modified via amoxicillin-laden
hydroxyapatite nanocoating. J. Mater. Sci. 2022, 57, 18601-18614.

Shimizu, T.; Fujibayashi, S.; Yamaguchi, S.; Yamamoto, K.; Otsuki, B.; Takemoto, M.; Tsukanaka, M.; Kizuki, T.; Matsushita, T.;
Kokubo, T.; et al. Bioactivity of sol-gel-derived TiO2 coating on polyetheretherketone: In vitro and in vivo studies. Acta Biomater.
2016, 35, 305-317. [CrossRef] [PubMed]

Hu, E; Fan, X,; Peng, F; Yan, X,; Song, J.; Deng, C.; Liu, M.; Zeng, D.; Ning, C. Characterization of porous titanium-hydroxyapatite
composite biological coating on polyetheretherketone (PEEK) by vacuum plasma spraying. Coatings 2022, 12, 433. [CrossRef]
Yabutsuka, T.; Fukushima, K.; Hiruta, T.; Takai, S.; Yao, T. Effect of pores formation process and oxygen plasma treatment
to hydroxyapatite formation on bioactive PEEK prepared by incorporation of precursor of apatite. Mater. Sci. Eng. C 2017,
81, 349-358. [CrossRef]

Oladapo, B.I; Zahedi, S.A.; Ismail, S.0O.; Omigbodun, ET. 3D printing of PEEK and its composite to increase biointerfaces as a
biomedical material-A review. Colloids Surf. B Biointerfaces 2021, 203, 111726. [CrossRef]

Barandehfard, F.; Kianpour Rad, M.; Hosseinnia, A.; Rashidi, A.; Tahriri, M.; Tayebi, L. The evaluation of the mechanical
characteristics of the synthesized glass-ionomer cements (GICs): The effect of hydroxyapatite and fluorapatite nanoparticles and
glass powders. J. Aust. Ceram. Soc. 2019, 55, 507-517. [CrossRef]

Saeri, M.R.; Afshar, A.; Ghorbani, M.; Ehsani, N.; Sorrell, C.C. The wet precipitation process of hydroxyapatite. Mater. Lett. 2003,
57, 4064-4069. [CrossRef]

Sarkar, C.; Sahu, S.K.; Sinha, A.; Chakraborty, J.; Garai, S. Facile synthesis of carbon fiber reinforced polymer-hydroxyapatite
ternary composite: A mechanically strong bioactive bone graft. Mater. Sci. Eng. C 2019, 97, 388-396. [CrossRef] [PubMed]
Dorozhkin, S.V. Bioceramics of calcium orthophosphates. Biomaterials 2010, 31, 1465-1485. [CrossRef] [PubMed]

ASTM D695-23; Standard Test Method for Compressive Properties of Rigid Plastics. ASTM: West Conshohocken, PA, USA, 2023.
[CrossRef]

ISO 10993-5:2009; Biological Evaluation of Medical Devices—Part 5: Tests for In Vitro Cytotoxicity. ISO: Geneva, Switzerland, 2009.
Pina, H.d.V,; Farias, A.J.A.d.; Barbosa, F.C.; de Lima Souza, W.].; de Sousa Barros, A.B.; Batista Cardoso, M.].; Fook, M.V.L.; Wellen,
R.M.R. Microbiological and cytotoxic perspectives of active PCL/ZnO film for food packaging. Mater. Res. Express 2020, 7, 025312.
[CrossRef]

Wanderley, D.M.S.; Melo, D.E; Silva, L.M.; Souza, ].W.L.; Pina, H.V,; Lima, D.B.; Amoah, SK.S.; Borges, S M.P.; Fook, M.V.L,;
Moura, R.O. Biocompatibility and mechanical properties evaluation of chitosan films containing an N-acylhydrazonic derivative.
Eur. J. Pharm. Sci. 2020, 155, 105547. [CrossRef]

Kim, D.-H.; Lee, S.-H.; Kim, K.-N.; Kim, K.-M.; Shim, L.-B.; Lee, Y.-K. Cytotoxicity of ferrite particles by MTT and agar diffusion
methods for hyperthermic application. . Magn. Magn. Mater. 2005, 293, 287-292. [CrossRef]


https://doi.org/10.1016/j.ijbiomac.2024.134412
https://doi.org/10.1016/j.bone.2024.117075
https://www.ncbi.nlm.nih.gov/pubmed/38508371
https://doi.org/10.1016/j.heliyon.2023.e19363
https://doi.org/10.1016/j.bioadv.2023.213435
https://doi.org/10.1016/j.ceramint.2024.07.266
https://doi.org/10.1177/22808000221149193
https://doi.org/10.1016/j.ijbiomac.2023.126618
https://doi.org/10.1186/s13018-019-1069-1
https://doi.org/10.1016/j.surfin.2024.104761
https://doi.org/10.1016/j.actbio.2021.05.009
https://doi.org/10.1016/j.actbio.2016.02.007
https://www.ncbi.nlm.nih.gov/pubmed/26861855
https://doi.org/10.3390/coatings12040433
https://doi.org/10.1016/j.msec.2017.07.017
https://doi.org/10.1016/j.colsurfb.2021.111726
https://doi.org/10.1007/s41779-018-0257-5
https://doi.org/10.1016/S0167-577X(03)00266-0
https://doi.org/10.1016/j.msec.2018.12.064
https://www.ncbi.nlm.nih.gov/pubmed/30678924
https://doi.org/10.1016/j.biomaterials.2009.11.050
https://www.ncbi.nlm.nih.gov/pubmed/19969343
https://doi.org/10.1520/D0695-23
https://doi.org/10.1088/2053-1591/ab7569
https://doi.org/10.1016/j.ejps.2020.105547
https://doi.org/10.1016/j.jmmm.2005.02.078

Polymers 2024, 16, 2520 17 of 18

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Puskar, T.; Trifkovi¢, B.; Koprivica, D.D.; Koji¢, V.; Jevremovié, A.; Mirkovi¢, S.; Eggbeer, D. In vitro cytotoxicity assessment of the
3D printed polymer based epoxy resin intended for use in dentistry. Vojnosanit. Pregl. 2019, 76. [CrossRef]

CLSI. Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically, 11th ed.; CLSI: Wayne, PA, USA, 2018.
Li, S; Li, G,; Lian, X.; Hu, J.; Li, M.; Wang, B.; Zou, Y.; Zhou, Z. Integrated porous polyetheretherketone /hydroxyapatite scaffolds:
Design, manufacturing and performance evaluation. Compos. Part A Appl. Sci. Manuf. 2023, 173. [CrossRef]

Asante, N.A.; Wang, Y.; Bakhet, S.; Kareem, S.; Owusu, K.A.; Hu, Y.; Appiah, M. Ambient temperature sulfonated carbon fiber
reinforced PEEK with hydroxyapatite and reduced graphene oxide hydroxyapatite composite coating. J. Biomed. Mater. Res. Part
B Appl. Biomater. 2021, 109, 2174-2183. [CrossRef]

Qi, D.; Wang, N.; Wang, S.; Liu, L.; Zhu, S.; She, P; Yue, X. High-strength porous polyetheretherketone/hydroxyapatite composite
for the treatment of bone defect. Compos. Commun. 2023, 38, 101473. [CrossRef]

Yusong, P; Qiangian, S.; Yan, C. Fabrication and characterisation of functional gradient hydroxyapatite reinforced poly (ether
ether ketone) biocomposites. Micro Nano Lett. 2013, 8, 357-361. [CrossRef]

Nascimento, M.; Dos Santos Almeida, A.R.; Hirata, M.C.; Elzubair, A.; Navarro da Rocha, D.; Prado da Silva, M.H. Biomineraliza-
tion of calcium phosphates functionalized with hydroxyapatite-binding peptide. J. Mech. Behav. Biomed. Mater. 2023, 146, 106082.
[CrossRef] [PubMed]

Nasiri-Tabrizi, B.; Basirun, W.J.; Yeong, C.H.; Walvekar, R.; Phang, S.W. Mechanosynthesis and microstructural characterization of
F— and CO32— mono-and co-substituted hydroxyapatite. J. Mol. Struct. 2024, 1315, 138809. [CrossRef]

Xu, H.; Yang, L.; Wang, P; Liu, Y.; Peng, M. Kinetic research on the sorption of aqueous lead by synthetic carbonate hydroxyapatite.
J. Environ. Manag. 2008, 86, 319-328. [CrossRef] [PubMed]

Santos, ES.E; Ferreira, V.P,; Sa, M.D.; Fook, M.V.L. Modificagao da superficie do poli (éter-éter-cetona). Matéria (Rio de Janeiro)
2017, 22, e-11883. [CrossRef]

Afshar, A.; Ghorbani, M.; Ehsani, N.; Saeri, M.R.; Sorrell, C.C. Some important factors in the wet precipitation process of
hydroxyapatite. Mater. Des. 2003, 24, 197-202. [CrossRef]

Ponciano, R.C.d.O.; de Melo Costa, A.C.F.; Barbosa, R.C.; Fook, M.V.L.; Ponciano, J.J. Chitosan and hydroxyapatite scaffolds with
amoxicillin for bone repair. Res. Soc. Dev. 2021, 10, €13410514790. [CrossRef]

Manzoor, F; Golbang, A.; Jindal, S.; Dixon, D.; Mcllhagger, A.; Harkin-Jones, E.; Crawford, D.; Mancuso, E. 3D printed PEEK/HA
composites for bone tissue engineering applications: Effect of material formulation on mechanical performance and bioactive
potential. J. Mech. Behav. Biomed. Mater. 2021, 121, 104601. [CrossRef]

Zhang, D.; George, O.].; Petersen, K.M.; Jimenez-Vergara, A.C.; Hahn, M.S.; Grunlan, M.A. A bioactive “self-fitting” shape
memory polymer scaffold with potential to treat cranio-maxillo facial bone defects. Acta Biomater. 2014, 10, 4597—4605. [CrossRef]
Li, S;; Li, M,; Hu, J; Li, G.; Wang, B.; Zhou, Z. A new strategy for PEEK-based biocomposites to achieve porous surface for
bioactivity and adjustable mechanical properties for orthopedic stress matching. Compos. Part A Appl. Sci. Manuf. 2024,
177,107909. [CrossRef]

Bastan, FE.; Atiq Ur Rehman, M.; Avcu, Y.Y.; Avcu, E.; Ustel, F; Boccaccini, A.R. Electrophoretic co-deposition of PEEK-
hydroxyapatite composite coatings for biomedical applications. Colloids Surf. B Biointerfaces 2018, 169, 176-182. [CrossRef]
[PubMed]

Landy, B.C.; VanGordon, S.B.; McFetridge, P.S.; Sikavitsas, V.I.; Jarman-Smith, M. Mechanical and in vitro investigation of a
porous PEEK foam for medical device implants. |. Appl. Biomater. Funct. Mater. 2013, 11, 35-44. [CrossRef] [PubMed]

Torstrick, F.B.; Lin, A.S.P.; Potter, D.; Safranski, D.L.; Sulchek, T.A.; Gall, K.; Guldberg, R.E. Porous PEEK improves the bone-
implant interface compared to plasma-sprayed titanium coating on PEEK. Biomaterials 2018, 185, 106-116. [CrossRef]

Wang, L.; Zeng, X.; Chen, X.; Zeng, X.; Luo, K. Programmable, biodegradable composite scaffolds with variable pore morphology
for minimal invasive bone repair. Compos. Part A Appl. Sci. Manuf. 2022, 162, 107130. [CrossRef]

Zheng, ].; Zhao, H.; Dong, E.; Kang, J.; Liu, C.; Sun, C.; Li, D.; Wang, L. Additively-manufactured PEEK/HA porous scaffolds
with highly-controllable mechanical properties and excellent biocompatibility. Mater. Sci. Eng. C 2021, 128, 112333. [CrossRef]
Silva, L.A.J. Obtencao e Caracterizagao de Scaffolds de Hidroxiapatita Utilizando Amido de Milho Como Agente Porogénico.
Master’s Thesis, State University of Campinas, Faculty of Mechanical Engineering, Campinas, Brazylia, 2012.

Oladapo, B.L; Ismail, S.O.; Bowoto, O.K.; Omigbodun, FT.; Olawumi, M.A.; Muhammad, M.A. Lattice design and 3D-printing of
PEEK with Ca10 (OH)(PO4) 3 and in-vitro bio-composite for bone implant. Int. J. Biol. Macromol. 2020, 165, 50-62. [CrossRef]
Wang, Z.; Yu, Z.; Wang, Z.; Li, S.; Song, L.; Xu, T.; Shen, G.; Wang, Y.; Huang, T.; Dong, X. Surface-activated 3D-printed PEEK
implant enhances anti-infection and osteogenesis. Compos. Part B Eng. 2024, 273, 111258. [CrossRef]

Sun, A.A; Lin, X,; Xue, Z.; Huang, J.; Bai, X.; Huang, L.; Lin, X.; Weng, S.; Chen, M. Facile surface functional polyetheretherketone
with antibacterial and immunoregulatory activities for enhanced regeneration toward bacterium-infected bone destruction. Drug
Deliv. 2021, 28, 1649-1663. [CrossRef] [PubMed]

Zheng, Z.; Liu, P; Zhang, X.; Zou, X.; Mei, X.; Zhang, S.; Zhang, S. Strategies to improve bioactive and antibacterial properties of
polyetheretherketone (PEEK) for use as orthopedic implants. Mater. Today Bio 2022, 16, 100402. [CrossRef]

He, X.; Deng, Y.; Yu, Y,; Lyu, H,; Liao, L. Drug-loaded/grafted peptide-modified porous PEEK to promote bone tissue repair and
eliminate bacteria. Colloids Surf. B Biointerfaces 2019, 181, 767-777. [CrossRef]

Wang, L.; He, S.; Wu, X; Liang, S.; Mu, Z.; Wei, ].; Deng, F,; Deng, Y.; Wei, S. Polyetheretherketone /nano-fluorohydroxyapatite
composite with antimicrobial activity and osseointegration properties. Biomaterials 2014, 35, 6758-6775. [CrossRef] [PubMed]


https://doi.org/10.2298/VSP170721127P
https://doi.org/10.1016/j.compositesa.2023.107656
https://doi.org/10.1002/jbm.b.34865
https://doi.org/10.1016/j.coco.2022.101473
https://doi.org/10.1049/mnl.2013.0265
https://doi.org/10.1016/j.jmbbm.2023.106082
https://www.ncbi.nlm.nih.gov/pubmed/37619285
https://doi.org/10.1016/j.molstruc.2024.138809
https://doi.org/10.1016/j.jenvman.2006.12.011
https://www.ncbi.nlm.nih.gov/pubmed/17360101
https://doi.org/10.1590/s1517-707620170004.0217
https://doi.org/10.1016/S0261-3069(03)00003-7
https://doi.org/10.33448/rsd-v10i5.14790
https://doi.org/10.1016/j.jmbbm.2021.104601
https://doi.org/10.1016/j.actbio.2014.07.020
https://doi.org/10.1016/j.compositesa.2023.107909
https://doi.org/10.1016/j.colsurfb.2018.05.005
https://www.ncbi.nlm.nih.gov/pubmed/29772473
https://doi.org/10.5301/JABFM.2012.9771
https://www.ncbi.nlm.nih.gov/pubmed/23413130
https://doi.org/10.1016/j.biomaterials.2018.09.009
https://doi.org/10.1016/j.compositesa.2022.107130
https://doi.org/10.1016/j.msec.2021.112333
https://doi.org/10.1016/j.ijbiomac.2020.09.175
https://doi.org/10.1016/j.compositesb.2024.111258
https://doi.org/10.1080/10717544.2021.1960924
https://www.ncbi.nlm.nih.gov/pubmed/34338560
https://doi.org/10.1016/j.mtbio.2022.100402
https://doi.org/10.1016/j.colsurfb.2019.06.038
https://doi.org/10.1016/j.biomaterials.2014.04.085
https://www.ncbi.nlm.nih.gov/pubmed/24835045

Polymers 2024, 16, 2520 18 of 18

66. Abdulkareem, M.H.; Abdalsalam, A.H.; Bohan, A.J. Influence of chitosan on the antibacterial activity of composite coating
(PEEK/HAp) fabricated by electrophoretic deposition. Prog. Org. Coat. 2019, 130, 251-259. [CrossRef]

67. Resmim, C.M.; Dalpasquale, M.; Vielmo, N.I.C.; Mariani, F.Q.; Villalba, ].C.; Anaissi, F.J.; Caetano, M.M.; Tusi, M.M. Study of
physico-chemical properties and in vitro antimicrobial activity of hydroxyapatites obtained from bone calcination. Prog. Biomater.
2019, 8, 1-9. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.porgcoat.2019.01.050
https://doi.org/10.1007/s40204-018-0105-2
https://www.ncbi.nlm.nih.gov/pubmed/30599070

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Biocomposites by High-Energy Ball Milling 
	Characterization 
	X-ray Diffraction (XRD) 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Scanning Electron Microscopy (SEM/EDS) 
	Apparent Porosity Determination 
	Compressive Strength Mechanical Testing 
	Cytotoxicity Testing 
	Determination of Antimicrobial Activity from the Minimum Inhibitory Concentration (MIC) 


	Results and Discussion 
	Conclusions 
	References

