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Abstract

Polyetherketoneketone (PEKK), a high-performance thermoplastic
special engineering material, maintains bone-like mechanical
properties and has received considerable attention in the bio-
medical field. The 3D printing technique enables the production
of porous scaffolds with a honeycomb structure featuring pre-
cisely controlled pore size, porosity and interconnectivity, which
holds significant potential for applications in tissue engineering.
The ideal pore architecture of porous PEKK scaffolds has yet to
be elucidated. Porous PEKK scaffolds with five pore sizes P200
(225 +9.8 um), P400 (411 +22.1 pum), P600 (596 + 23.4 um), P8O0 (786
+242pum) and P1000 (993+26.0pm) were produced by a
3D printer. Subsequently, the optimum pore size, the P600, for
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mechanical properties and osteogenesis was selected based on in vitro experiments. To improve the interfacial bioactivity of porous
PEKK scaffolds, hydroxyapatite (HAp) crystals were generated via in situ biomimetic mineralization induced by the phase-transited lyso-
zyme coating. Herein, a micro/nanostructured surface showing HAp crystals on PEKK scaffold was developed. In vitro and in vivo experi-

ments confirmed that the porous PEKK-HAp scaffolds exhibited highly interconnected pores and functional surface structures that

were favorable for biocompatibility and osteoinductivity, which boosted bone regeneration. Therefore, this work not only demonstrates
that the pore structure of the P600 scaffold is suitable for PEKK orthopedic implants but also sheds light on a synergistic approach in-

volving 3D printing and biomimetic mineralization, which has the potential to yield customized 3D PEKK-HAp scaffolds with enhanced
osteoinductivity and osteogenesis, offering a promising strategy for bone tissue engineering.
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Introduction

Polyetherketoneketone (PEKK) has been gradually used in the man-
ufacture of orthopedic implants because of its excellent mechanical
properties, radiolucency and chemical resistance. However, the hy-
drophobic surface and biological inertness of PEKK tend to limit
osteointegration with the surrounding natural bone [1, 2]. The
osseointegration potential of an implant is commonly understood
to depend on its osteoconductivity and osteoinduction [3]. To ad-
dress the above challenges, based on additive manufacturing tech-
niques and surface modification methods, porous scaffolds with
fully interconnected pores and biomimetic coatings were fabri-
cated, which could provide appropriate biomechanical support for

bone repair and, ultimately, coexist with the ingrowth of newly
formed tissue [4-6]. 3D printing technology has garmered growing
interest for producing controllable architectures by flexibly and ac-
curately regulating the dimensional parameter of products [7, 8]. It
has unleashed enormous potential in the fabrication of personal-
ized scaffolds. Recently, it has been reported that porous scaffolds
with profitable mechanical properties can be manufactured by 3D
printing technology [9, 10]. Despite numerous relevant studies fo-
cusing on the cellular response and osteointegration of porous scaf-
folds with various pore sizes, a consensus on the optimal pore size
for the mechanical and biological properties of scaffolds has yet to
be reached [11-13]. Literature suggests that scaffolds with a pore
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size <100 pm may not adequately facilitate mass transport and cell
migration, and a pore size >300 pm is favorable for bone formation
via vascularization [14]. Therefore, for better osteointegration,
within the recommended values, the pore size of the scaffold must
be appropriate to ensure mechanical integrity and fulfill the needs
for nutrient and waste diffusion of the tissue.

Although the porous scaffold enables more facile ingrowth of
newly formed tissue, the limited bioactivity and inferior osseoin-
tegration with bone tissues due to the biological and chemical in-
ertness of materials restrict its application in orthopedics. To
facilitate enhanced osseointegration and promote robust bone
formation, strategies have been devised to enhance the biocom-
patibility and bioactivity of PEKK [15-17]. Surface modification is
an effective approach for improving biological properties without
compromising mechanical strength and damaging advantageous
bulk properties [18, 19]. Hydroxyapatite (HAp), as a constituent of
natural bone, has been extensively employed in hard tissue engi-
neering to achieve better bioactivity of implant surfaces [20-22].
HAD coatings can be developed by various deposition techniques,
including plasma spraying [23], ion-beam-assisted deposition [24]
and electrospray deposition methods [25]. However, all of these
techniques have deficiencies in regard to HAp coating on scaffold
surfaces. Specifically, the plasma spray method utilizes elevated
temperatures ranging from 10000 to 12 000°C, and the deposition
process of HAP powder on the material surface is faster. The pro-
duction conditions for ion-beam-assisted deposition and electro-
chemical deposition are rigorous and challenging to control.
Consequently, the stringent and intricate production conditions
present challenges in maintaining the quality, composition and
crystallinity of the HAp coating. To avoid the limitations of these
aforementioned coating methods, a biomimetic coating process
stands out, it is a mild process using simulated body fluid (SBF)
for biomimetic mineralization. The resulting coating of bone-like
apatite on the porous scaffolds is dense and homogeneous [26].
Adequate surface modification is typically crucial to provide a
firm bond form between the HAp coating and the substrate.
Inspired by the natural phenomena of HAp formation and crystal
organization facilitated by biomolecules, various methods of bio-
mimetic mineralization for forming coatings on the surface of
materials have been reported [27, 28]. The polydopamine (pDA)
adhesion system has been used as a surface modification in nu-
merous fundamental and applied research studies [18, 29].
However, the pDA coating is uneven and unstable, and the depo-
sition process requires a relatively lengthy duration. Thus, modi-
fying the surfaces via simple experimental procedures under
mild reaction conditions is critical to facilitate HAp formation on
complex porous PEKK scaffolds. Lysozyme undergoes a phase
transition induced by tris(2-carboxyethyl) phosphine (TCEP), and
subsequently transforms into an amyloid substance capable of
adhering to the substrate surface, known as phase-transited
lysozyme (PTL) [30]. The PTL membrane is enriched with car-
boxyl groups that enable chelation with calcium ions and could
serve as a highly efficient template for facilitating the formation
of a homogeneous HAp film. In contrast to conventional surface
pretreatment methods, PTL-modification represents a novel ap-
proach for easily and inexpensively modifying complex-
shaped materials.

In this study, the advantages at the macro- and micro-levels
were combined to synergistically promote the osseointegration of
PEKK. As shown in Scheme 1, 3D printing technology was
employed for the fabrication of an initial porous scaffold with op-
timal pore size. Subsequently, TCEP efficiently broke the disul-
fide bonds in lysozyme, and PTL coating was first employed to

functionalize the surface of PEKK via all-purpose adhesion capa-
bility. Later, HAp crystals were bound to the PTL-coated PEKK
scaffold surface using a biomimetic process, forming a functional
micro/nanostructured surface. The modified PEKK (PEKK-HAp)
scaffold was systematically investigated for its physical and
chemical characteristics, in vitro cell response, feasibility and
safety for bone repair in a femoral defect.

Materials and methods

Fabrication and characterization of 3D-printed
PEKK scaffolds

These PEKK scaffolds were additively manufactured via a fused
deposition modeling (FDM) 3D printer machine (Jugao-AM-
Doctor, Shaanxi Jugao-AM Technology Co, Ltd, China) using PEKK
filaments (Victrex, UK). The 3D models of PEKK scaffolds were
designed using computer-aided design (CAD) software UG NX 10
(Siemens PLM Software, Germany). Supplementary Figure S1
showed the CAD-designed five experimental groups of porous
PEKK scaffolds with flat shape, including pore sizes of 200, 400,
600, 800 and 1000 um (denoted the P200, P400, P600, P8O0 and
P1000, respectively). Then, the designed specimens were 3D
printed using the FDM technique. The fabrication parameters,
such as a 0.4-mm diameter nozzle, a printing speed of 40 mm/s, a
printing line width of 0.4 mm, a layer thickness of 0.2 mm and an
extrusion head nozzle temperature of 420°C, were fine-tuned
through preliminary experiments for optimization.

The microstructure of the porous PEKK scaffold sections was
characterized through environmental scanning electron micros-
copy (JSM-ITS00, JEOL, Japan). The actual pore size was measured
by Image] software based on the SEM images. The actual porosity
of the scaffolds was calculated according to the ethanol immer-
sion method based on Archimedes’ Principle as previously de-
scribed [31]. Briefly, the porosity (P) was calculated using the
equation: P=(V1 — V3)/(V2 — V3) x 100%, where V1 represented
the initial volume of the graduated cylinder containing ethanol
and the scaffold, V2 denoted the volume after ethanol penetra-
tion into the scaffold pores until no bubbles were observed under
vacuum, and V3 indicated the remaining ethanol volume follow-
ing scaffold removal. Thus, the scaffold’s porosity was expressed
as the ratio of pore volume to the total volume of the scaffold, in-
cluding pores, represented as a percentage. The mechanical
strength was explored using a universal testing machine (Instron
3400, MA, USA) at ambient temperature. Uniaxial compression
tests were performed on the scaffolds to evaluate compressive
properties with a load of 250N and a crosshead speed of 1.0 mm/
min. And three-point bending strength of the scaffolds was
assessed using a cross-head speed of 0.5mm/min. Force-dis-
placement data were collected to determine the ultimate stress
and modulus, as well as to construct stress-strain curves.

Cell proliferation and morphology

Bone marrow stromal cells (BMSCs) were seeded on the scaffolds
in 24-well plates with complete medium (DMEM supplemented
with 10% fetal bovine serum, 100 U/mL penicillin, and 100 pg/ml
streptomycin) at a density of 2 x 10* cells/well. Cell Counting Kit-
8 (Dojindo, Japan) was used to evaluate cell proliferation. At 1, 4
and 7 days, a CCK-8 solution comprising 10% of the medium vol-
ume was added to each well and incubated for 1h. Then, the ab-
sorbance value of the incubated solution was measured at
450nm with a spectrophotometric microplate reader (Multiskan
GO, Thermo, USA). After cells were seeded onto the scaffolds for
4days, cell viability was assessed through live/dead cell staining
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Scheme 1. Schematic illustration of the preparation steps to produce the PEEK-HAD scaffold and its function in facilitating bone regeneration.

using Calcein-AM/PI Double Stain Kits (Invitrogen, USA).
Subsequently, fluorescence images were captured randomly us-
ing a confocal laser scanning microscope (CLSM, FV3000,
Olympus, Japan).

After 1 and 4days of incubation, the scaffolds were rinsed
with PBS and then fixed in 2.5% v/v glutaraldehyde for 30 min.
Subsequently, the scaffolds underwent dehydration via an etha-
nol series. Finally, cell morphologies on the scaffolds were ob-
served using SEM.

Alkaline phosphatase activity and extracellular
matrix mineralization

Alkaline phosphatase (ALP) activity and extracellular matrix
(ECM) mineralization were measured to determine the osteogenic
differentiation of rBMSCs. Following a 48-h coincubation with the
scaffolds, the culture medium was replaced with osteogenic in-
ductive medium (complete medium with 10mM B-glycerophos-
phate, 50 pg/ml ascorbic acid and 10nM dexamethasone). ALP
staining was conducted after culture for 7 and 14 days. The sam-
ples were washed with PBS, fixed with 4% paraformaldehyde,
and subsequently stained for 30 min using a 5-bromo-4-chloro-3-
indolyl-phosphate/nitro-blue tetrazolium (BCIP/NBT) Alkaline
Phosphatase Color Development Kit (Beyotime Biotechnology,
Shanghai, China). ALP activity in the cell lysate was determined
by measuring the absorbance of the supernatant at 520 nm.

ECM mineralization was assessed by Alizarin Red S (ARS,
Leagene Biotechnology, Beijing, China) staining for calcium nod-
ules after 14days. Cells were fixed with 4% paraformaldehyde
and stained with a working solution for 30 min. In the quantita-
tive assay, the samples were washed with distilled water to

remove unbound dye. The bound stains were dissolved in 10%
cetylpyridinium chloride (BOMEI Biotechnology, Hefei, China) in
10mM sodium phosphate, and the absorbance values of the
stained eluents were measured at 562 nm.

Surface modification of porous PEKK scaffolds

Based on initial experimentation regarding mechanical and bio-
logical characteristics, a pore size of 596+23.4um was selected
as a constant for modification. The PEKK scaffolds were sub-
merged in a solution containing a mixture of lysozyme solution
(2mg/ml lysozyme in 10 mM HEPES buffer) and TCEP solution at
pH 8.5 (50mM TCEP in 10 mM HEPES buffer), with a volume ratio
of 1:1. After 2h, a PTL coating was stably formed on the PEKK
scaffold surfaces, denoted PEKK-PTL. The scaffolds were subse-
quently washed twice with distilled water to remove salts and
additives adhering to the coating, followed by drying and vacuum
storage. Subsequently, the PEKK-PTL samples were immersed in
a 25-mM aqueous calcium chloride (CaCl,) solution for 24h at
ambient temperature. The obtained samples were named PEKK-
PTL-Ca®!. After being gently washed with distilled water to re-
move Ca’* without chelation, the samples were immersed in SBF
at 37°C for 3days. Throughout this duration, the SBF solution
was replaced once every 24h. In this process, HAp formed, fol-
lowed by gently rinsing to remove the unimmobilized crystals
and ions and drying under vacuum. Based on such PTL-
templated interfacial biomineralization, the resulting HAp-
decorated scaffolds called PEKK-HAp were obtained for further
characterization.
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Characterization of modified scaffolds

The surface morphology and chemical composition of the scaf-
fold surface of PEKK, PEKK-PTL, PEKK-PTL-Ca®*" and PEKK-HAp
were examined by SEM with an X-ray energy dispersive spec-
trometer detector (EDS, JSM-IT500, JEOL, Japan). X-ray photoelec-
tron spectroscopy (XPS, AXIS Supra, Kratos, USA) was utilized to
identify the surface composition evolution of the scaffolds. The
surface chemical structure of the samples was characterized by
Fourier transform infrared spectrometry (FTIR, Nicolet 6700,
Nicolet, USA). The crystallographic characteristics of the HAp
coating on the scaffolds were determined using X-ray diffraction
(XRD, D8 Advance, Bruker AXS, Germany). The 3D surface topog-
raphy and roughness of the samples were analyzed using atomic
force microscopy (AFM, SPM-9600, SHIMADZU, Japan) on the mi-
croscale in noncontact mode. Water contact angle (WCA) meas-
urements were performed to characterize the surface wettability
and hydrophilicity, determined by a contact angle system (Drop
Shape Analyzer-DSA100, KRUSS, Hamburg, Germany). Briefly,
the shape of the water droplet was documented following the ap-
plication of a 10-pl droplet onto the sample surfaces, and the
contact angle was quantified.

Preparation of extract from scaffolds

The extract solution from PEKK, PEKK-PTL and PEKK-HAp scaf-
folds was prepared according to the established protocol. Briefly,
the scaffolds soaked in 10ml DMEM were incubated in a humidi-
fied thermostatic cell incubator for 24h. The aseptic superna-
tants were collected under sterile conditions, subjected to
centrifugation at 5000rpm for 5min, and then filtered through
0.22pm filter membranes before being stored at 4°C.
Subsequently, the extracts were mixed with the corresponding
medium at a volume ratio of 1:3 for cell culture.

Biocompatibility of modified scaffolds

Cell adhesion, cell viability and cell proliferation were assessed
following established methods. Specifically, rBMSCs were seeded
onto the samples (PEKK, PEKK-PTL and PEKK-HApD) at a density of
2 x 10" cells/well in 24-well plates. CCK-8 was used to evaluate
cell proliferation at 1, 4 and 7 days. After 24 and 48h, the mor-
phology of the cells was characterized by SEM, as described in
the section ‘Cell proliferation and morphology’. For fluorescein
staining, F-actin was utilized to evaluate the cell morphology as
described previously. In brief, cell culture media were replaced
with different extractions obtained from the studied scaffolds
and then incubated for 1, 4 and 7days. Next, the cells were
washed three times with PBS, fixed with 4% (w/v) paraformalde-
hyde for 15 min, permeabilized with 0.1% Triton X-100 for 30 min,
stained with FITC-labeled phalloidin (Solarbio, Beijing, China) for
30min, counterstained with 4/,6-diamidino-2-phenylindole
(DAPI) and observed using CLSM.

Scratch wound healing and transwell assays
of rBMSCs

A scratch wound healing assay was conducted to evaluate the
effects of extract from scaffolds on rBMSC migration activities.
Briefly, rBMSCs were seeded at a density of 1 x 10° cells/well in
the 6-well plates and cultured for 2days to reach confluence,
subsequently, a straight line was made through the middle of ev-
ery well by a sterile 200-pl pipet tip, and all cells were cultivated
with the extract solution. After 0, 24 and 48h, cells in each well
were imaged using an inverted microscope (IX73, Olympus,
Japan). The area of wound closure relative to the original area
was quantitatively compared using Image] software.

Transwell assays were performed to further investigate
rBMSC migration stimulated by the scaffolds. Different scaffolds
(PEKK, PEKK-PTL and PEKK-HAp) were immersed in 800 pl of me-
dium and then added to the lower chambers in the 24-well cul-
ture plates. A volume of 200 pl of rBMSC suspension containing
cells at a density of 2 x 10* cells/well in serum-free medium was
added to the upper chamber. After 12 and 24 h of cultivation, cot-
ton swabs were utilized to gently remove the non-migrated cells
from the upper chamber. The cells that had migrated through
the pores to the lower surface were then fixed using 4% parafor-
maldehyde for 15min, and then subjected to staining with 1%
(w/v) crystal violet. Subsequently, the migrated cells on the lower
chamber were imaged using an inverted microscope. Finally,
400 pl of 10% acetic acid was employed to dissolve the crystal vio-
let, and the absorbance of the supernatant was measured
at 590 nm.

Osteogenic activity of -BMSCs

rBMSCs were cocultured with different extracts and scaffolds at
a density of 2 x 10* cells/well, respectively. ALP activity and ECM
mineralization were evaluated after osteogenic induction. These
assays were performed per the protocols mentioned in the sec-
tion ‘Alkaline phosphatase activity and extracellular matrix min-
eralization’. The expression levels of the osteogenesis
differentiation-related genes ALP, collagen type 1 (COL1), osteo-
calcin (OCN) and runt-related transcription Factor 2 (RUNX2)
were evaluated using quantitative real-time PCR (RT-qPCR).
After a 14-day incubation period in osteogenic inductive medium,
total RNA was extracted from rBMSCs using TRIzol reagent (Life
Technologies, USA). Subsequently, cDNA was synthesized from
RNA using a SensiFAST™ cDNA Synthesis Kit (Bioline, Australia)
according to the manufacturer’s guidelines. PCR amplification
was performed on an ABI 7500 machine (Applied Biosystems, CA,
USA) using the SYBR premix EX Taq PCR kit (Takara, Japan) with
specific primer sequences detailed in Supplementary Table S1.

Immunofluorescence staining

Immunofluorescence was performed at 7 and 14 days after osteo-
genic induction to identify ALP and OCN proteins. After fixation
and permeabilization, TBMSCs were preincubated with 1% bovine
serum albumin for 30 min to mitigate nonspecific binding events.
Subsequently, the samples were incubated with primary anti-
bodies overnight at 4°C. Following PBS washes, the corresponding
Alexa Fluor 594-conjugate anti-mouse secondary antibodies
were applied to bind with the primary antibodies for 1h. After
PBSrinses, the cells were stained with FITC-labeled phalloidin for
30min and then incubated with DAPI for 5min for nuclear stain-
ing. Immunofluorescence images were captured using CLSM.

In vivo repair of rabbit femoral defects

All animal experimental procedures were approved by the medi-
cal and experimental animal ethical review committee of
Sichuan University (No. WCHSIRB-D-2023-399) and were con-
ducted in strict adherence to the Committee’s guidelines. Male
New Zealand white rabbits (12 weeks old) were used to establish
a bone defect rabbit model. All surgical interventions were car-
ried out under general anesthesia by phenobarbital sodium (3.5%
w/v, 1ml/kg) via ear vein injection. Briefly, 6 randomly selected
rabbits were divided into three groups (PEKK, PEKK-PTL and
PEKK-HAD), the surgical areas were shaved and sterilized, the
muscles and fascia were separated through a skin incision of
~2cm, and the anterior-distal aspects of the femurs were surgi-
cally exposed. Defects measuring 5mm in diameter and depth
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were created through drilling on the surfaces of the bilateral fe-
murs. Different scaffolds were inserted into the cavity of the fe-
mur and then sutured layer by layer with a silk 3-0 suture.

Micro-CT analysis

Eight weeks postoperatively, the femurs housing the implanted
materials were subsequently retrieved for subsequent analysis.
The samples were subjected to micro-CT analysis using a uCT de-
vice (vivaCT80, SCANCO Medical AG, Switzerland) to evaluate
in vivo new bone formation. After scanning, 3D models were
reconstructed and analyzed with SCANCO Medical Evaluation
and Visualizer software. All reconstruction parameters were
employed to assess new bone formation, predominantly encom-
passing bone volume relative to total sample volume (BV/TV),
trabecular number (Tb. N), trabecular separation (Tb. Sp), and
trabecular thickness (Tb. Th).

Histological analysis

Following pCT analysis, the femoral samples underwent dehy-
dration in a series of graded ethanol solutions, embedded in poly-
methylmethacrylate, and sliced ~50pum in thickness using a
microtome (Leica Microtome, Germany). The sections were sub-
jected to van Gieson (VG) staining and toluidine blue (TB) staining
to detect the tissue response and bone ingrowth to the implanted
materials. After sealing with neutral gum, observations and pho-
tography were performed using a Zeiss microscope (Carl
Zeiss, Germany).

Statistical analysis

All the data collected are presented as the mean+SD. Statistical
software SPSS 20.0 was used to analyze the differences among
groups by one-way analysis of variance followed by the Student-
Newman-Keuls test. *P<0.05, **P<0.01 and ***P <0.001 were
defined as significant for all statistical tests.
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Results

Structural characterization of porous
PEKK scaffolds

Porous PEKK scaffolds with regular and controllable architec-
tures could be built up via the utilization of FDM. During the
FDM, the PEKK product was melted by a high melting tempera-
ture to form a homogeneous dense filament, and the abovemen-
tioned parameters were input, leading to the additive
manufacturing of porous scaffolds. Supplementary Figure S2
showed a general sketch of the samples. The SEM images
revealed that the scaffold had a homogeneous 3D porous struc-
ture, and the pores exhibited a consistent quadrilateral morphol-
ogy (Figure 1A). The struts were meticulously oriented, and the
surface was sleek with sporadic impurities, which could be elimi-
nated through ultrasonic cleaning. The mean pore diameter of
the scaffold was ascertained using SEM, and scaffold porosity
was quantified via ethanol immersion (Supplementary Table S2).
Regarding scaffolds with uniform strut size, an augmentation in
pore size from ~200-1000 um resulted in an increase in measured
porosity from ~24.6-58.6%. There was a difference of ~40 um be-
tween the pores of the as-produced scaffolds and the designed
scaffolds. With regard to the limitation of printing accuracy, the
error of pore size was inevitable butin the acceptable range.

The mechanical characteristics of the 3D PEKK scaffolds were
assessed through uniaxial compressive strength analysis
(Figure 1B and C) and three-point bending tests (Figure 1D and E).
The results revealed a reasonable pore size dependence of the
strength and the modulus, wherein the mechanical properties
exhibited a consistent decrease as the pore size increased.
Although there was a slight decrease in the strength of P200 com-
pared to P400 due to localized minor collapse during printing,
caused by limitations in printing accuracy. Typically, the com-
pressive modulus and compressive strength, with pores at 200-
800 um, both fell within the range of yield strength and modulus
of human trabecular bone from distal femur (Young's modulus:
0.02-30GPa, yield stress: 80-150MPa). Flexural strengths also
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Figure 1. SEM images and mechanical characteristics of the 3D PEKK scaffolds. (A) SEM images of different scaffolds at different magnifications. (B-E)
Mechanical properties of different scaffolds. (B) Compressive strength and modulus. (C) Compressive stress—strain curves. (D) Flexural strength and
modulus. (E) Flexural stress—strain curves. Data are presented as the mean+SD (n=3).
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exhibited similar trends with respect to pore size for these sam-
ples. Referring to the 50-120 MPa flexural strength of human cor-
tical bone, three strength values of the porous PEKK scaffolds fell
within or beyond the above range, P200 (117.0+4.0 MPa), P400
(127.6+12.8 MPa) and P600 (89.4+4.6 MPa). Accordingly, it was
feasible to modulate the mechanical properties to a desired ex-
tent by fine-tuning the scaffold pore size. Meanwhile, the study
also substantiated that optimizing the mechanical characteris-
tics of porous biomaterials for bone implant applications to align
with those of natural bone could reduce bone resorption caused
by stress shielding. It was obvious that the porous scaffolds with
200-600 um exhibited more appropriate strength and modulus
for the orthopedic applications.
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Effects of scaffolds on cytocompatibility of
rBMSCs and screening of the pore size
of scaffolds

CCK-8 assays were conducted to evaluate cell proliferation
(Figure 2A). At 1day, there were no significant differences in the
cell viability among all porous scaffolds. After 4days of incuba-
tion, cell proliferation was markedly increased in the five groups.
Particularly, cell proliferation was notably higher in the P600 and
P800 groups, with no statistically significant distinction between
these two groups, followed by P1000, and P200 and P400 gener-
ated the lowest cell viability.

The fluorescence images of live/dead staining of rBMSCs cul-
tured on the porous scaffolds were illustrated in Figure 2B. Live

.. i .

N\ P400
T % Peoo

6| == P1000

b

ALP activity (uM/mg)

P200 P400  P600

Figure 2. Proliferation, adhesion, differentiation, and mineralization of rBMSCs cocultured with different scaffolds. (A) CCK-8 of rBMSCs cultured for 1,
4, and 7 days. (B) AM/PI staining images of rBMSCs after 4 days of incubation. (C) Semiquantitative analysis of fluorescence intensity with ZEN 2.3 lite
software. (D) SEM images showing the initial adhesion and spreading of rBMSCs incubated on the scaffolds for 1 and 4 days. (E) ALP staining of rBMSCs
cultured for 7 and 14 days. (F) Quantitative ALP activity determination of cells. (G) ARS staining of rBMSCs cultured for 14 days. (H) Quantitative

analysis of mineralized nodules (*P < 0.05, **P < 0.01 and ***P < 0.001).
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cells were represented by green fluorescence, predominantly pre-
sented on the strut surfaces, while red fluorescence, indicative of
dead cells, was scarcely discernible. Consequently, these results
indicated that porous PEKK scaffolds exhibited minimal cytotox-
icity toward rBMSCs. Quantitative analysis using ZEN 2.3 lite
software revealed that cells on P600 scaffolds displayed higher
fluorescence intensity compared to other groups, indicating that
PEKK scaffolds with a pore size of ~600 pm were more favorable
to cell proliferation (Figure 2C).

From SEM images in Figure 2D, healthy cells were observed to
be distributed across the scaffold surfaces at 1day. After 4days
incubation, cells exhibiting a well-dispersed pattern and polygo-
nal morphology were observed on all scaffolds. Cells from the
P600 and P800 groups displayed more lamellipodia extensions
than the other groups, and the antennae of rBMSCs in the P600
and P800 groups were distributed and extended more widely
than those in the other groups, indicating that the preferential
adsorption of cells was influenced by pore size.

The effects of different porous PEKK scaffolds on the osteo-
genic differentiation of rBMSCs were evaluated through ALP ac-
tivity and ARS staining. During the initial 7 days of culture, no
significant differences were observed among the other porous
scaffolds. Afterwards, the intensity of ALP staining increased uni-
formly across all scaffolds after 14 days of incubation. Notably,
the ALP staining on the surface of the P600 group exhibited no-
ticeably deeper compared to the other groups (Figure 2E). The
corresponding quantitative analysis also confirmed that P600
generated the highest ALP activity, while the differences in ALP
staining between the other groups were not significant
(Figure 2F). Additionally, distinct patterns of calcium nodular
deposits were discerned on the scaffold substrate in the P600
group at 14days (Figure 2G). The corresponding quantitative
analysis revealed that P600 generated the highest calcium depo-
sition (Figure 2H).

These results indicated that the scaffolds had lower cell viabil-
ity when the pore size exceeded 600 um, and the larger the pore
size of the scaffolds was, the lower the cell proliferation and oste-
ogenic differentiation. Meanwhile, we found that rBMSCs were
well attached on P600 and P800 scaffolds with numerous lamelli-
podia. The mechanical characterization parameters of the scaf-
folds exhibited a predominantly decreasing trend with increasing

pore size. To ensure the high strength and low modulus of the
scaffold as a support material, we would further study the P600
scaffolds to verify the changes in osteogenesis after modification.

Surface characterization of modified scaffolds

The PEKK scaffolds with HAp coating were fabricated as follows:
Initially, the PTL coating was preferentially attached onto the
PEKK surface, yielding a homogenous nanofilm and consequently
generating a profusion of surface free radicals. Then, the coated
substrate underwent immersion in a CaCl, solution, resulting in
the implantation of calcium ions onto the PTL surface. This was
followed by transfer into SBF to facilitate the formation of a HAp
layer and activate the surface. High-magnification SEM images
revealed that the surface of pristine PEKK exhibited a predomi-
nantly flat and smooth topography. PEKK-PTL exhibited a homo-
geneous nanofilm surface morphology decorated with
interconnected nanospheres. Following a 3-day incubation pe-
riod in SBF, the scaffold treated with the PTL coating was fully
covered by a homogeneous agglomerate layer featuring lath-like
clustered protrusions, which are characteristic morphologies of
HAp crystals (Figure 3A). EDS was then employed to analyze the
elemental composition (Figure 3B). The results showed that C
and O elements were the mainly chemical components of the
untreated PEKK scaffold. For PEKK-PTL, N signal could be ob-
served, corresponding to the hydrophobic amino acid residues
from the PTL. Following the pretreatment with CaCl, solution,
uniform distributions of Ca were detected on the surface of the
samples, indicating the successful chelation of Ca ions at the
PEKK-PTL interface. Additionally, homogeneous distributions of
Ca and P on the PEKK-HAp surface signified the effective coating
of HAD.

The chemical compositions of the biomaterial interface on the
scaffold surfaces were further analyzed by XPS. The high-
resolution C 1s XPS spectra indicated that the PTL coating was
effectively immobilized on the PEKK-PTL surface (Figure 4B). The
high-resolution C 1s spectra exhibited three primary peaks with
binding energies of ~287.8, 285.8 and 284.6 eV, attributed to C=0,
C-0 and C-C, respectively. The data indicated that the PTL coat-
ing surface exhibited an enrichment of carboxyl, amine and hy-
droxyl functional groups. Compared to the XPS spectra in the
PEKK-PTL group (Figure 4A), a significant peak representing

Figure 3. The formation of HAp induced by the PTL nanofilm. (A) SEM images of porous scaffolds at different magnifications. (B) Element mapping of

different scaffolds, including C, O, N, Ca and P detected by EDS.
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calcium (Ca 2p) emerged in the spectrum of PEKK-PTL-Ca’*
(Figure 4C) and PEKK-HAp (Figure 4D), demonstrating that PTL
provided an active surface capable of chelating with Ca®* ions
through electrostatic interactions. Additionally, the high-
resolution XPS spectra of Ca 2p and P 2p showed two predomi-
nant peaks in the Ca 2p spectrum (at 347.1 and 351.2eV),
corresponding to Ca groups, and a singular peak in the P 2p
-spectrum (at 132.9eV), corresponding to P groups within crystal-
lin HAp (Supplementary Figure S3).

Furthermore, the XRD patterns of the resulting samples were
illustrated in Figure 4E, providing confirmation that the two crys-
talline peaks corresponded to the characteristic diffraction peaks
of HAp crystals, consistent with the diffraction patterns found in
standard PDF cards. For the PEKK-HAp, a broad peak at ~20° was

the characteristic peak of amorphous PEKK, while the character-
istic peaks of HAp [(201) and (211)] appeared at 25.9° and 31.8°.
The data demonstrated that no new crystalline phase formed
during the composite preparation process except for the inherent
crystal structure of both PEKK and HAp.

FTIR spectra were used to determine alterations in chemical
groups and characteristic bands of the different scaffolds, as
shown in Figure 4F. Before the formation of HAp, the spectral sig-
natures of PEKK-PTL exhibited peaks corresponding to amide I
(C =0 stretching) at 1645 cm™", amide II (C-N stretching and N-H
deformation) at 1585cm™, and amide III (C-N stretching and
N-H deformation) at 1230 cm™. After biomimetic mineralization
in SBF, a marked attenuation of amide bonds was observed, indi-
cating a noteworthy interaction between Ca®" ions and the
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carboxyl groups of PTL. Meanwhile, the appearance of distinct
peak positions in PEKK-HAp, specifically linked to O-P-O vibra-
tions at 566, 602 and 1020 cm™?, suggested the formation of HAp
crystals on the surface of the PEKK scaffold.

AFM image analysis was employed to conduct a more in-
depth examination of surface morphology and roughness
(Figure 4G). The results revealed that the initial application of the
PTL coating significantly augmented the surface roughness of
the scaffolds. Furthermore, the subsequent application of the
HAp coating led to the appearance of more prominent surface
protrusions, thus further amplifying the surface roughness
(Figure 4H). The hydrophilic and hydrophobic evolution of the
studied materials was characterized by WCA measurements. As
depicted in Figure 41, the PEKK surface exhibited poor wettability
with a higher contact angle (102.8 +1.4°), whereas the contact an-
gle of PEKK coated by PTL decreased to 71.4+1.5° because of the
hydrophilic recovery of polymers treated by phase transition.
However, the contact angle on the PEKK-HAp surface decreased
to 25.2+2.3°, indicating that the HAp coating played a crucial
role in increasing the surface hydrophobicity. This phenomenon
could be attributed to the micro/nanostructure coupled with hy-
droxyl (OH) groups on the scaffold surface.

Cell viability and morphologies

Figure SA illustrated a substantial increase in cell proliferation
within the PEKK-HAp group relative to the other groups, indicating
that the modified scaffolds facilitated enhanced cell proliferation.
The cellular morphology, as observed via immunofluorescence,
revealed cell adhesion and cytoskeletal arrangement in the differ-
ent groups (Figure 5B). After 1, 4 and 7 days of culture, the different
groups demonstrated a progressive increase in cell population and
an enhanced degree of spreading, characterized by elongated and
net-like lamellipodia. Specifically, this pattern was observed in the
following sequence: PEKK < PEKK-PTL < PEKK-HAp. The images of
SEM (Figure 5C) showed that noticeable cell clustering was observed
on the PEKK substrate after culture for 24 h, indicating inadequate
cellular adhesion to the unmodified surface. Conversely, the PEKK-
PTL and PEKK-HAp groups demonstrated a spreading pattern of
cells. Moreover, after culture for 48h, more evident filopodia and
lamellipodia were observed on PEKK-HAp than on PEKK-PTL.
Hence, these results indicated that the biomimetic mineralization
process used to coat the PEKK surface with HAp promotes favorable
cell adhesion, thus providing superior conditions for subsequent
cell proliferation.

Cell migration

Figure 5D presented the outcomes of the scratch assay con-
ducted under indirect contact coculture conditions between
rBMSCs and different porous scaffold groups. Statistical analysis
indicated that the wound healing effect in the PEKK-HAp group
was significantly enhanced compared to that in the other two
groups at 24 and 48h, while no significant difference in cell mi-
gration healing effect was observed between the PEKK and PEKK-
PTL groups (Figure 5E).

In addition, a transwell invasion chamber assay conducted
within 24 h indicated that the migratory capability of rBMSCs in
the PEKK-HAD group exhibited superiority over the remaining
groups (Figure S5F and G). Collectively, these phenomena may be
related to the fact that the presence of HAp coating enhanced
cell adhesion, potentially contributing to the augmented motility
and migration abilities [21].

Osteogenic differentiation

Figure 6A illustrated a continuous increase in ALP staining inten-
sity over time in all groups, with significantly greater staining ob-
served in the PEKK-HAp group compared to the other two groups,
consistent with the quantitative ALP activity (Figure 6B).
Mineralization ability was observed by ARS staining, as shown in
Figure 6C. After 14days of culture, PEKK-HAp exhibited signifi-
cant calcium deposition compared to the other groups, which
was further supported by quantitative analysis conducted among
the groups (Figure 6D).

In addition, the findings of PCR revealed a significant upregu-
lation in the expression of osteogenesis-related genes, including
COL1, RUNX2, ALP and OCN, in the PEKK-HAp group when com-
pared to both the PEKK-PTL group and the pure PEKK group
(Figure 6E). Finally, representative immunofluorescence staining
images of bone-specific proteins were displayed in Figure 6F.
Obviously, much stronger ALP and OCN marker signals were
detected in the PEKK-HAp group than in the other groups, which
appeared to support the results from the data analysis described
above. The findings indicated that PEKK-HAp held promise as a
potential alternative medical implant, as it possessed the capa-
bility to enhance the osteogenic differentiation of rBMSCs.

In vivo osteointegration
To assess the effect of the biomaterials on in vivo bone healing, a
femoral defect model was established in rabbits, with the implanted
scaffolds effectively filling the bone defect (Supplementary Figure
S5). Micro-CT analysis was used to assess the growth of newly
formed bone into the scaffolds after 8-week implantation. From X-
ray images (Figure 7A) and 3D reconstruction (Figure 7B), scaffolds
were transparent owing to radiolucency, the bone regeneration rate
of the PEKK-HAD scaffold was faster than that of the other scaffolds,
and more inner pore spaces were occupied by bone ingrowth in the
PEKK-HAD scaffold. The bone ingrowth was assessed through quan-
titative analysis of the 3D reconstructed new bone tissue, including
BV/TV, Tb. N, Tb. Sp, and Tb. Th (Figure 7C). It was evident that osse-
ous tissues developed within PEKK-HAD scaffolds exhibited higher
values of BV/TV, Tb. N, and Tb. Th compared to the other two
groups, with the trend of these parameters as follows: PEKK < PEKK-
PTL < PEKK-HAp. Additionally, PEKK demonstrated the highest Tb.
Sp, representing the distance between adjacent trabeculae, among
all experimental groups, indicating suboptimal ossification.
Histological analysis was conducted on hard tissue slices
stained with VG and TB to assess the osteointegration of the scaf-
folds. In VG staining images, the presence of dark red areas sur-
rounding and within the scaffolds indicated regenerated bone
(Figure 8A). The depth and volume of bone ingrowth were supe-
rior in the PEKK-HAp scaffold than in the PEKK and PEKK-PTL
scaffolds, indicating better osseointegration in the PEKK-HAp
scaffold. The findings of TB staining were in agreement with VG
staining, revealing a greater presence of bluish-violet stained
bone tissue around the margin of the PEKK-HAp scaffold than
that in the other two groups. Enhanced integration between scaf-
folds and host bone was evident in the magnified views of the
PEKK-HAD group (Figure 8B). In contrast, a noticeable void was
observed between pure PEKK scaffolds and the adjacent host
bone, and the gap of the PEKK-PTL scaffolds was greater than
that of PEKK-HAD, indicating that HAp coating could trigger oste-
ogenesis and osteoinduction, aligning with the results of a previ-
ous in vitro study.
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violet staining (P < 0.05, P < 0.01 and

Discussion

Large bone defects have still been a major challenge in orthope-
dic treatment. Even the gold standard treatment, autologous
bone grafting, presents certain limitations, including donor site

P <0.001).

morbidity and autogenous bone deficiency [32, 33]. Currently
available ceramics and metals are expected to overcome this
problem for bone repair [34, 35], however, their inadequate
ability to regulate both mechanical characteristics and
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osteoinductive potential limit their clinical application. PEKK, as
a new generation of implant materials, has been increasingly in-
vestigated because of its similar mechanical properties to natural
bone and clinical potential after chemical modifications and

structural alterations [4, 36]. Multiple studies in the field of bone
substitutes have revealed that porous scaffolds with controlled
geometry, connected pores and reasonable porous structures are
favorable for osteogenesis [10, 11]. Inspired by these findings, we
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fabricated 3D porous biomimetic PEKK scaffolds using FDM
manufacturing technology. The 3D printing process enhanced
precision in the design of the structure, encompassing pore size,
porosity and pore interconnectivity, which were essential for fa-
cilitating cell growth, proliferation and migration. In addition,
the 3D structure of the required scaffold was fabricated using
architectural data from the defective tissue, enabling greater
structural complexity, flexibility and customization to meet
patient-specific needs [37, 38]. The porous structure endowed the
PEKK scaffolds with well-matched mechanical properties, less
stress shielding, and a sufficient supply of nutrients and oxygen
[39, 40]. The results of the mechanical tests demonstrated that
the porous PEKK scaffolds exhibited a sufficiently high mechani-
cal strength and an elastic modulus comparable to that of native
bone, meeting the mechanical requirements for the repair of
load-bearing bone defects and avoid bone resorption led by stress
shielding. Additionally, an increase in pore size corresponded to
a decrease in the mechanical properties of the samples. In addi-
tion to the evaluation of the scaffolds’ mechanical properties,

their biological activity was systematically explored through
well-designed in vitro experiments, including cell proliferation,
ALP activity, and mineralization capability of rBMSCs. The find-
ings from this study indicated that PEKK scaffolds with a pore
size of ~600 um were the optimal pore size for bone substitutes.
Although the porous structure exhibits some bone ingrowth, it
is a chemically and biologically inert material that might not ef-
fectively promote excellent osteointegration [41, 42]. Various
techniques have been developed to fabricate HAp coating on
bone implants. Unfortunately, precise control over the micro-
structures of the HAp coating and the promotion of strong min-
eral attachment to the substrate surfaces remain significant
challenges, greatly impeding the successful fabrication and ad-
vancement of advanced hybrid biomaterials. The PTL film was
utilized as the intermediate adhesive for the interfacial bonding
between the organic (PEKK polymer) and inorganic (HAp nano-
particles later) components. Subsequently, a PTL-assisted HAp
coating was conducted using a biomimetic coating technique to
enhance the osteointegration and osteogenesis of porous PEKK
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Figure 8. Histological assessment of femoral defects in a rabbit model. (A) Van-Gieson staining and (B) toluidine blue staining of the femoral defect
samples in the PEKK, PEKK-PTL and PEKK-HAp groups at 8-week postoperatively, respectively. (NB, new bone; M, materials; black arrows mark the
fibrous capsule; red arrows mark the direct contact between new bone and the implants).

scaffolds. This simple and functionalized approach began with
the reduction of the disulfide bonds in the lysozyme chain in-
duced by TCEP under physiological conditions. Then, the a-helix
structure of lysozyme unfolded into a B-sheet configuration,
resulting in the formation of amyloid nanospheres. The PTL layer
exhibited stable adherence to the surface of the PEKK scaffold
through physical entanglement, hydrophobic interactions and
hydrogen bonding [30]. The durability of the initial PTL layer on
the PEKK surface would provide a robust foundation for subse-
quent fabrication of HAp coating. Following classical crystal
growth theory, the PTL layer, with enriched functional groups,
chelated positively charged Ca’* via electrostatic interactions
[43]. After a 3-day incubation in SBF, lath-like clustered protru-
sions of HAp crystals developed at nucleation sites. This process
represented a straightforward, effective, cost-efficient and envi-
ronmentally friendly approach to substrate surface functionali-
zation compared to other traditional surface pretreatment
techniques. The surface topography, elemental composition and
chemical groups of the printed scaffolds were systematically
characterized by AFM, FITR, XRD, XPS and SEM-EDS. The results
exhibited noticeable alterations in the surface morphology and
the characteristic peak, indicating that HAp coating was per-
formed and uniformly distributed on the PTL surface with strong
interactions between PTL and HAp during the biomimetic miner-
alization process. The resulting HAp coating markedly enhanced
the roughness and hydrophilicity of PEKK-HAp, which may exert
a favorable influence on cellular responses and bone growth.
Yuan et al. [1] fabricated a rough surface with nanotextures by
the porogen leaching method and sulfonation treatment, observ-
ing improved cell adhesion and osteointegration properties in the
modified biomaterials. Our experimental findings demonstrated
that the PEKK-HAp group scaffolds facilitated the proliferation
and adhesion of rBMSCs cells, supporting the bioactive charac-
teristics of HAp documented in existing literature [28].
Subsequently, the effects of the scaffolds on cell migration were
investigated through scratch assay and transwell assays, reveal-
ing that the porous PEKK scaffolds modified with a HAp coating
enhanced the migration ability of rBMSCs compared to

unmodified and PTL-modified PEKK scaffolds. The interaction be-
tween cells and material surfaces profoundly influenced implant
biocompatibility, with cell response being crucial for achieving
an optimal host-implant reaction [21]. Thus, the conclusions
were made that the micro/nanostructured surface of the PEKK-
HAp scaffolds had a positive influence on cellular behavior,
thereby promoting in vivo osteointegration. Furthermore, the ad-
dition of HAp stimulated the expression of relevant osteogenic
genes (ALP, OCN, RUNX2, COL-1) and proteins (ALP, OCN)
detected by quantitative RT-PCR and immunofluorescence stain-
ing and stimulated the mineralization of rBMSCs, contributing to
the enhancement of the osteoinductive capability. A rabbit femur
defect model was subsequently developed to investigate osteoin-
duction and osteointegration ability of these scaffolds in vivo.
The growth and distribution of new bone tissue inside scaffolds
and the surrounding tissue were systematically investigated by
micro-CT and histological staining. The micro-CT results con-
firmed that the bone volume fraction within the scaffolds was
greater in the PEKK-HAp and PEKK-PTL groups than in the PEKK
group after implantation in the femoral bone for 8 weeks, demon-
strating that modifying the physical structure and surface chem-
istry of bioinert PEKK could impart exceptional osteoinductive
properties. Histologically, the evaluation of tissue ingrowth and
integration of scaffolds was performed using TB and VG staining
techniques applied to hard tissue sections. These findings pro-
vided evidence that the porous structure and strong osteoinduc-
tive properties of the PEKK-HAp scaffold could accelerate
osteointegration with host bone and promote the growth of
bone tissue.

The enhanced bone formation induced by PEKK-HAp could be
attributed to the combined stimulating effects of its porous archi-
tecture and surface composition resembling bone apatite. The po-
rous structure increased the scaffold’s specific surface area,
facilitating the transport of oxygen and nutrients, which in turn
promoted the recruitment, adhesion and proliferation of rBMSCs
[39, 44]. Additionally, the surface roughness and the release of
Ca?* ions from the stable apatite layer on the surface effectively
promoted the differentiation of BMSCs and bone mineralization
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[45, 46]. Many studies confirmed that incorporating bioactive HAp
into materials could stimulate the secretion of bone-related cyto-
kines in BMSCs to promote osteogenic differentiation, resulting in
bone formation [47, 48].

Notwithstanding our endeavors, the present study possesses
limitations and needs to be further investigated. First, as only
scaffolds with uniform pore structures have been evaluated for
osteogenesis, future investigations should focus on fabricating
and evaluating scaffolds with diverse cellular architectures, es-
pecially a well-organized gradient structure mimicking genuine
bone tissues [44, 49]. Additionally, considering the translational
potential of 3D-printed scaffolds for clinical applications, the
long-term in vivo stability and biological safety of the scaffolds
are crucial and need to be clarified [50].

In summary, we herein demonstrated that macroporous ar-
chitecture and bone-like apatite coating are promising methods
to alter the biological properties of PEKK implants from bioinert
to osteoinductive. The biomimetic coating process utilized in this
study was characterized by its simplicity and efficiency, resulting
in a bioactive porous PEKK-HAp scaffold, which was confirmed
as a promising candidate for repairing load-bearing bone defects.

Conclusion

In this study, five types of porous PEKK scaffolds with varying
pore sizes were successfully designed and manufactured using
the advanced 3D printing technique. Evaluation of their mechan-
ical properties and examination of in vitro outcomes indicated a
correlation between pore size and the proliferation as well as dif-
ferentiation of rBMSCs on the scaffold surfaces. Porous PEKK
scaffolds with a pore size of ~600 pm showed balancing mechani-
cal functionality with biological performance of cell adhesion
and osteogenic differentiation. Subsequently, the surface of the
PEKK scaffold was modified by PTL, which acted as an effective
template to lead to the formation of functional structural surfa-
ces. Indeed, the surface roughness and hydrophilicity were sig-
nificantly improved after modification. Additionally, bioactive
HAp film enhanced adhesion, proliferation and osteogenic differ-
entiation. Furthermore, when implanted in vivo in a rabbit femo-
ral cavity defect model, PEKK-HAp demonstrated superior bone
formation and osseointegration compared to PEKK. Collectively,
these findings established a solid foundation for the design and
fabrication of porous PEKK-based scaffolds with appropriate ge-
ometries to facilitate osteogenesis. Moreover, combining a biomi-
metic mineralization strategy with 3D printing technology,
customized and bioactive PEKK-HAp scaffolds were developed,
showing great potential as candidate for bone defect. Overall,
this new synergetic strategy makes significant advancements in
resolving the osteoinductive puzzle of synthetic biomaterials,
which can contribute to the development of a new generation of
polymeric biomaterials and devices with enhanced osteoinduc-
tive properties.

Supplementary data

Supplementary data are available at Regenerative Biomaterials online.

Funding

This work was financially supported by the National Natural
Science Foundation of China (grant numbers 82271020 and
82071145) and the Research Fund of Interdisciplinary Innovation

Project from West China Hospital of Stomatology Sichuan
University (RD-03-202009).

Conflicts of interest statement. None declared.

References

1. Yuan B, Cheng Q, ZhaoR, Zhu X, Yang X, Yang X, ZhangK, Song
Y, Zhang X. Comparison of osteointegration property between
PEKK and PEEK: effects of surface structure and chemistry.
Biomaterials 2018;170:116-26.

2. Kersten RF, van Gaalen S, de Gast A, Oner F. Polyetheretherketone
(PEEK) cages in cervical applications: a systematic review. Spine ]
2015;15:1446-60.

3. Facca S, Lahiri D, Fioretti F, Messadeq N, Mainard D, Benkirane-
Jessel N, Agarwal A. In vivo osseointegration of nanodesigned com-
posite coatings on titanium implants. ACS Nano 2011;5:4790-9.

4. ChengK, Shi Z, Wang R, Jiang X, Xiao F, Liu Y. 3D printed PEKK
bone analogs with internal porosity and surface modification
for mandibular reconstruction: an in vivo rabbit model study.
Biomater Adv 2023;151:213455.

5. Liu X, Ouyang L, Chen L, Qiao Y, Ma X, Xu G, Liu X
Hydroxyapatite composited PEEK with 3D porous surface
enhances osteoblast differentiation through mediating NO by
macrophage. Regen Biomater 2021;9:rbab076.

6. Gao X, Wang H, Luan S, Zhou G. Low-temperature printed hier-
archically porous induced-biomineralization polyaryletherke-
tone scaffold for bone tissue engineering. Adv Healthc Mater
2022;11:€2200977.

7. Han X, Sun M, Chen B, Saiding Q, ZhangJ, Song H, Deng L, Wang P,
Gong W, Cul W. Lotus seedpod-inspired internal vascularized 3D
printed scaffold for bone tissue repair. Bioact Mater 2021;6:1639-52.

8. Li X, Zou Q, Wei J, Li W. The degradation regulation of 3D
printed scaffolds for promotion of osteogenesis and in vivo
tracking. Compos B Eng 2021;222:109084.

9. Milazzo M, Contessi Negrini N, Scialla S, Marelli B, Fare S, Danti S,
Buehler M. Additive manufacturing approaches for hydroxyapa-
tite-reinforced composites. Adv Funct Mater 2019;29:1903055.

10. ZhangV, Sun N, Zhu M, Qiu Q, Zhao P, Zheng C, Bai Q, Zeng Q, Lu
T. The contribution of pore size and porosity of 3D printed porous
titanium scaffolds to osteogenesis. Biomater Adv 2022;133:112651.

11. GuY, SunY, Shujaat S, Braem A, Politis C, Jacobs R. 3D-printed
porous Ti6Al4V scaffolds for long bone repair in animal models:
a systematic review. ] Orthop Surg Res 2022;17:68.

12. Wally Z, Haque A, Feteira A, Claeyssens F, Goodall R, Reilly G.
Selective laser melting processed Ti6Al4V lattices with graded poros-
ities for dental applications. ] Mech Behav Biomed Mater 2019;90:20-9.

13. Taniguchi N, Fujibayashi S, Takemoto M, Sasaki K, Otsuki B,
Nakamura T, Matsushita T, Kokubo T, Matsuda S. Effect of pore
size on bone ingrowth into porous titanium implants fabricated
by additive manufacturing: an in vivo experiment. Mater Sci Eng
C Mater Biol Appl 2016;59:690-701.

14. Karageorgiou V, Kaplan D. Porosity of 3D biomaterial scaffolds
and osteogenesis. Biomaterials 2005;26:5474-91.

15. Ghouse S, Reznikov N, Boughton OR, Babu S, Geoffrey N, Blunn
G, Cobb JP, Stevens MM, Jeffers JRT. The design and in vivo test-
ing of a locally stiffness-matched porous scaffold. Appl Mater
Today 2019;15:377-88.

16. Zhou M, HouJ, Zhang G, Luo C, Zeng Y, Mou S, Xiao P, Zhong A,
Yuan Q, Yang J, Wang Z, Sun J. Tuning the mechanics of 3D-
printed scaffolds by crystal lattice-like structural design for
breast tissue engineering. Biofabrication 2019;12:015023.

202 Iudy €2 uo }senb Aq £91629//€209€04/q4/€60 "0 1/10p/o[0llE/ql/W0d dno"dlapese//:sd)y woly papeojumoq


https://academic.oup.com/rb/article-lookup/doi/10.1093/rb/rbae023#supplementary-data

Regenerative Biomaterials, 2024, Vol. 11, rbae023 | 15

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Zhao Y, Wong H, Wang W, Li P, Xu Z, Chong EYW, Yan CH,
Yeung KW, Chu PK. Cytocompatibility, osseointegration, and
bioactivity of three-dimensional porous and nanostructured
network on polyetheretherketone. Biomaterials 2013;34:9264-77.
LiY, Yang W, Li X, Zhang X, Wang C, Meng X, Pei Y, Fan X, Lan P,
Wang C, Li X, Guo Z. Improving osteointegration and osteogenesis
of three-dimensional porous Ti6Al4V scaffolds by polydopamine-
assisted biomimetic hydroxyapatite coating. ACS Appl Mater
Interfaces 2015;7:5715-24.

XieY,HuC, FengY, LiD, Ai T, Huang Y, Chen X, Huang L, TanJ.
Osteoimmunomodulatory effects of biomaterial modification
strategies on macrophage polarization and bone regeneration.
Regen Biomater 2020;7:233-45.

Wang L, Meng Y, Feng Y, Wang H, Mao L, Yu S, Wang Z.
Amorphous precursor-mediated calcium phosphate coatings
with tunable microstructures for customized bone implants.
Adv Healthc Mater 2022;11:€2201248.

Jang TS, Park S, Lee JE, Yang J, Park SH, Jun MBG, Kim YW,
Aranas C, Choi JP, Zou Y, Advincula RC, Zheng Y, Jang HL, Cho
NJ, Jung HD, Kim SH. Topography-supported nanoarchitecton-
ics of hybrid scaffold for systematically modulated bone regen-
eration and remodeling. Adv Funct Mater 2022;32:2206863.

LiJ, Zhi W, Xu T, Shi F, Duan K, Wang J, Mu Y, Weng J. Ectopic
osteogenesis and angiogenesis regulated by porous architecture
of hydroxyapatite scaffolds with similar interconnecting struc-
ture in vivo. Regen Biomater 2016;3:285-97.

Chahal HK, Matthews S, Jones MI. Fabrication of calcium phos-
phate coatings by the inflight reaction of precursor feedstocks
using plasma spraying. ] Therm Spray Tech 2023;32:1465-81.

Choi JM, Kim HE, Lee IS. lon-beam-assisted deposition IBAD of
hydroxyapatite coating layer on Ti-based metal substrate.
Biomaterials 2000;21:469-73.

Bosco R, Iafisco M, Tampieri A, Jansen JA, Leeuwenburgh SCG,
van den Beucken JJJP. Hydroxyapatite nanocrystals functional-
ized with alendronate as bioactive components for bone im-
plant coatings to decrease osteoclastic activity. Appl Surf Sci
2015;328:516-24.

Yang J, Zhang K, Que K, Hou S, Chen Z, LiY, Wang Y, Song Y,
Guan B, Zhang W, Zhu D, Li C, Wang D, Geng P, Zhang X.
Surface modification of titanium with hydroxyapatite layer in-
duced by phase-transited lysozyme coating. Mater Sci Eng C
Mater Biol Appl 2018;92:206-15.

Kaynak Bayrak G, Demirtag TT, Gimusderelioglu M. Microwave-
induced biomimetic approach for hydroxyapatite coatings of chi-
tosan scaffolds. Carbohydr Polym 2017;157:803-13.

XuM, Liu T, Qin M, Cheng Y, Lan W, Niu X, Wei Y, Hu Y, Lian X,
ZhaoL, Chen S, Chen W, Huang D. Bone-like hydroxyapatite an-
chored on alginate microspheres for bone regeneration.
Carbohydr Polym 2022;287:119330.

QiJ, WangY, Chen L, Chen L, Wen F, Huang L, Rueben P, Zhang
C, Li H. 3D-printed porous functional composite scaffolds with
polydopamine decoration for bone regeneration. Regen Biomater
2023;10:rbad062.

Ha 'Y, Yang ], Tao F, Wu Q, Song Y, Wang H, Zhang X, Yang P.
Phase-transited lysozyme as a universal route to bioactive hy-
droxyapatite crystalline film. Adv Funct Mater 2017;28:170476.
Sakthiabirami K, Kang JH, Jang JG, Soundharrajan V, Lim HP,
Yun KD, Park C, Lee BN, Yang YP, Park SW. Hybrid porous zirco-
nia scaffolds fabricated using additive manufacturing for bone
tissue engineering applications. Mater Sci Eng C Mater Biol Appl
2021;123:111950.

Zhang T, Wei Q, Zhou H, Jing Z, Liu X, Zheng Y, Cai H, Wei F, Jiang
L,YuM, ChengY, Fan D, Zhou W, Lin X, Leng H, LiJ, Li X, Wang C,

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Tian Y, Liu Z. Three-dimensional-printed individualized porous
implants: a new “implant-bone” interface fusion concept for large
bone defect treatment. Bioact Mater 2021;6:3659-70.

Schmidt AH. Autologous bone graft: is it still the gold standard?
Injury 2021;52(Suppl 2):518-22.

Zhou P, Xia D, Ni Z, Ou T, Wang Y, Zhang H, Mao L, Lin K, Xu S,
Liu J. Calcium silicate bioactive ceramics induce osteogenesis
through oncostatin M. Bioact Mater 2021;6:810-22.

WangY, Feng Z, Liu X, Yang C, Gao R, Liu W, Ou-Yang W, Dong
A, Zhang C, Huang P, Wang W. Titanium alloy composited with
dual-cytokine releasing polysaccharide hydrogel to enhance
osseointegration via osteogenic and macrophage polarization
signaling pathways. Regen Biomater 2022;9:rbac003.

Yuan B, Zhang Y, Zhao R, Lin H, Yang X, Zhu X, Zhang K, Mikos
AG, Zhang X. A unique biomimetic modification endows polye-
therketoneketone scaffold with osteoinductivity by activating
cAMP PKA signaling pathway. Sci Adv 2022;8:eabq7/116.

Zheng J, Zhao H, OuYang Z, Zhou X, Kang J, Yang C, Sun C,
Xiong M, Feng M, Jin D, Wang L, Li D, Li Q. Additively-manufac-
tured PEEK/HA porous scaffolds with excellent osteogenesis for
bone tissue repairing. Compos B Eng 2022;232:109508.

Wei X, Zhou W, Tang Z, Wu H, Liu Y, Dong H, Wang N, Huang H,
Bao S, ShilL, Li X, ZhengY, Guo Z. Magnesium surface-activated
3D printed porous PEEK scaffolds for in vivo osseointegration
by promoting angiogenesis and osteogenesis. Bioact Mater
2023;20:16-28.

Chen Z, Yan X, Yin S, Liu L, Liu X, Zhao G, Ma W, Qi W, Ren Z,
Liao H, Liu M, Cai D, Fang H. Influence of the pore size and po-
rosity of selective laser melted Ti6Al4V ELI porous scaffold on
cell proliferation, osteogenesis and bone ingrowth. Mater Sci Eng
C Mater Biol Appl 2020;106:110289.

Xu W, Yu A, Lu X, Tamaddon M, Wang M, ZhangJ, ZhangJ, Qu
X, Liu C, Su B. Design and performance evaluation of additively
manufactured composite lattice structures of commercially
pure Ti (CP-Ti). Bioact Mater 2021;6:1215-22.

WuH, LiuT, Xu Z, QianJ, Shen X, LiY, Pan Y, Wang D, Zheng K,
Boccaccini AR, Wei J. Enhanced bacteriostatic activity, osteo-
genesis and osseointegration of silicon nitride/polyetherketone-
ketone composites with femtosecond laser induced micro/nano
structural surface. Appl Mater Today 2020;18:100523.

Gao A, Liao Q, Xie L, Wang G, Zhang W, Wu Y, Li P, Guan M, Pan
H, Tong L, Chu P, Wang H. Tuning the surface immunomodula-
tory functions of polyetheretherketone for enhanced osseointe-
gration. Biomaterials 2020;230:119642.

Habraken WJ, Tao J, Brylka LJ, Friedrich H, Bertinetti L, Schenk
AS, Verch A, Dmitrovic V, Bomans PH, Frederik PM, Laven J, van
der Schoot P, Aichmayer B, de With G, DeYoreo JJ, Sommerdijk
NA. Ion-association complexes unite classical and non-classical
theories for the biomimetic nucleation of calcium phosphate.
Nat Commun 2013;4:1507.

HaY,MaX,LiS, LiT, LiZ QlanY, Shafig M, Wang]J, Zhou X, He
C. Bone microenvironment-mimetic scaffolds with hierarchical
microstructure for enhanced vascularization and bone regener-
ation. Adv Funct Mater 2022;32:2200011.

Yuan B, Wang L, Zhao R, Yang X, Yang X, Zhu X, Liu L, Zhang K,
Song Y, Zhang X. A biomimetically hierarchical polyetherketo-
neketone scaffold for osteoporotic bone repair. Sci Adv
2020;6:eabc4704.

WangK, Luo F, Wang L, Zhang B, Fan Y, Wang X, Xu D, Zhang X.
Biomineralization from the perspective of ion aggregation: cal-
cium phosphate nucleation in the physiological environment.
ACS Appl Mater Interfaces 2021;13:49519-34.

202 Iudy €2 uo }senb Aq £91629//€209€04/q4/€60 "0 1/10p/o[0llE/ql/W0d dno"dlapese//:sd)y woly papeojumoq



16

| Regenerative Biomaterials, 2024, Vol. 11, rbae023

47.

48.

Xu A, Zhou L, Deng Y, Chen X, Xiong X, Deng F, Wei S. A carbox-
ymethyl chitosan and peptide-decorated polyetheretherketone
ternary biocomposite with enhanced antibacterial activity and
osseointegration as orthopedic/dental implants. ] Mater Chem B
2016;4:1878-90.

Converse GL, Conrad TL, Merrill CH, Roeder RK. Hydroxyapatite
whisker-reinforced polyetherketoneketone bone ingrowth scaf-
folds. Acta Biomater 2010;6:856-63.

49.

50.

Zhang J, Tong D, Song H, Ruan R, Sun Y, Lin Y, Wang J, Hou L,
Dai], Ding]J, Yang H. Osteoimmunity-regulating biomimetically
hierarchical scaffold for augmented bone regeneration. Adv
Mater 2022;34:2202044.

Apelgren P, Amoroso M, Saljo K, Lindahl A, Brantsing C, Stridh
Orrhult L, Markstedt K, Gatenholm P, Kolby L. Long-term in vivo
integrity and safety of 3D-bioprinted cartilaginous constructs. J
Biomed Mater Res B Appl Biomater 2021;109:126-36.

20z Iudy g uo 3sanb Aq £91629/2/€209€04/A4/€60 "0 1/10p/3]01iE/q)/W0d dNodlWapede//:sdRy Wolj papeojumoq



	Active Content List
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Supplementary data
	Funding
	References


