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ABSTRACT

Polyetheretherketone (PEEK) is a high-performance thermoplastic that, when combined with Additive
Manufacturing (AM), presents considerable advantages to produce customizable implantable medical devices.
Despite this potential, PEEK’s use as an implant material still presents challenges imposed by its bioinert nature.
This study investigates the biofunctionalization of 3D-printed PEEK implants to enhance fibroblasts’ cellular
response due to their important role in the healing of connective tissue post-implantation. Different combinations
of biofunctional features were investigated by surface modifying solid, porous, and surface-rough 3D-printed
PEEK samples with the sulfonation treatment and incorporation of hydroxyapatite (HA) particles. The porous
scaffold construct was designed based on a gyroid surface and then analysed using micro-CT and compression
tests. Fibroblast culture assays were conducted to assess the effects of different surface morphologies on cellular
adhesion and proliferation. Preliminary data of fibroblast metabolic activity on differently modified PEEK
samples was also collected. Results from the experiments suggest that solid PEEK samples with rough surfaces
and subjected to both sulfonation and HA incorporation procedures exhibit the most favourable environment for
maintaining fibroblasts morphology and viability. Conversely, the lower adhesion and proliferation on smooth
as-printed surfaces highlight the necessity for surface functionalization of 3D-printed PEEK. Additionally, results
for metabolic activity paired with cell morphologies observed under SEM indicate that large-scale porous scaf-
folds may present less favourable environment for fibroblasts viability compared to solid surfaces. These findings
offer valuable insights to 3D-printed PEEK biofunctionalization towards the improvement of fibroblast response,
particularly considering their active role on extracellular matrix formation which is critical for connective tissue
support and cohesion during the healing process after surgical implantation.

1. Introduction

PEEK’s rigidity and strength are closer to that of human bone, while its
compatibility with medical imaging techniques such as MRI and CT

Polyetheretherketone (PEEK) is a high-temperature thermoplastic
material that has been considered for implant manufacture due to its
biocompatibility. Its unique set of properties includes a high strength-to-
weight ratio, chemical stability and resistance to radiation and in vivo
degradation (Kurtz and Devine, 2007). Compared to metallic materials,
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allow for better monitoring of the healing process (Green and Schlegel,
2001). Additionally, its lower rigidity helps avoid stress shielding of the
treated bone, often associated with bone resorption and poor implant
performance (Weinans et al., 1992). For these reasons, PEEK has been
suggested as the leading candidate material for the replacement of
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metals in the manufacture of load-bearing implants for trauma, ortho-
paedic, spinal and even dental treatment applications (Kurtz and
Devine, 2007; Green and Schlegel, 2001; Kurtz, 2012; Zhang et al.,
2025).

As a thermoplastic material, PEEK can be processed using Additive
Manufacturing (AM) techniques, also known as three-dimensional (3D)
printing, which can produce complex geometries with less material
waste compared to conventional subtractive manufacturing techniques
like machining (Sachs et al., 1993). With 3D-printing, components are
created based on Computer-aided Design (CAD) virtual models, making
these techniques flexible to design adjustments and more cost-effective
in product development compared to other manufacturing techniques
like injection moulding (Gibson et al., 2021). These advantages extend
to medical applications where 3D-printed PEEK holds significant po-
tential for the manufacture of patient-specific implants (PSIs) designed
based on 3D data obtained from medical imaging (Kumar et al., 2021).
Moreover, with the increasing accessibility to 3D-printing equipment,
implant production can be moved to Point-of-Care (POC) facilities,
providing a promising avenue for more personalized and effective
medical solutions (Thieringer et al., 2022).

Printed PEEK’s potential for the manufacture of PSIs is noteworthy,
but its use in clinical practice is limited by challenges related to its
mechanical performance and bioinert nature (Rendas et al., 2022).
While PEEK’s biocompatibility is well established (Wenz et al., 1990;
Morrison et al., 1995; Rivard et al., 2002), its bioinertness has been
addressed using different techniques that can enable implant-host in-
teractions and improve bioperformance of PEEK as an implant material.
These strategies for PEEK biofunctionalization can be divided as bulk or
surface modifications of PEEK samples, like PEEK-matrix composites
incorporated with bioactive compounds and surface-modified PEEK via
surface coatings or physical and chemical treatments (e.g. acid etching)
(Ma and Tang, 2014; Dondani et al., 2023). Within surface modifica-
tions, textured surfaces created with physical treatments can enhance
the adhesion of primary cell lines like mesenchymal stem cells and fi-
broblasts (Briem et al., 2005; Ouyang et al., 2019; Ajami et al., 2017).
Similarly, surface roughness created by sandblasting increased fibro-
blast cell adhesion (Porrelli et al., 2021) and osseointegration measured
through pull-out tests on implanted samples (Sunarso et al., 2018).
Alternatively, surface coatings with bone-like ceramic compounds, such
as hydroxyapatite (HA) increased osteogenic differentiation (Lee et al.,
2017) and promoted new bone formation on implanted samples
(Johansson et al., 2018). Lastly, chemical treatments can modify PEEK’s
bioinert surface to improve cellular responses. Using organosilane
compound, carboxyl groups were introduced into the surface of PEEK
substrates, which improved the adhesion and proliferation of osteoblast
(Zheng et al., 2015). Alternatively, the etching action of acid creates a
microporous network on PEEK’s surface that resulted in higher adhesion
and proliferation of bone mesenchymal stem cells and pre-osteoblasts
compared to untreated PEEK samples (Su et al., 2020; Li et al., 2020;
Huo et al., 2021; Zhao et al., 2013). In addition to this, PEEK’s surface
modification can also aim for distinct biofunctionalities like enhanced
immunological response achieved with bisphosphonation (Zhang et al.,
2023) or antibacterial activity using silver coatings (Gao et al., 2017).

Apart from surface modifications, PEEK can also be architectured
into complex porous constructs that may enable distinct bio-
functionalities. In this regard, AM is uniquely capable of creating three-
dimensional scaffolds with interconnected pores that allow vasculari-
zation, improving nutrient and oxygen supply (Abbasi et al., 2020), and
favouring direct osteogenesis (Karageorgiou and Kaplan, 2005). Con-
cerning PEEK, pore sizes from 100 to 700 pm have been suggested where
larger pores showed better bone ingrowth and integration
(Lewandrowski et al., 2000). Despite these outcomes, larger pore sizes
also resulted in higher volume porosity which inevitably compromised
the strength and rigidity of the scaffold. To avoid this, scaffold designs
should look to obtain desired pore configurations without increasing
volume porosity.
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In addition to this, scaffold constructs can also be integrated with the
abovementioned surface modification techniques to combine multi-
scale features which can further enhance the bioperformance of PEEK
scaffolds. Using a similar approach, bioglass scaffolds with macropores
between of 300-500 pm combined with nanopores of about 20 nm
enhanced adhesion of mesenchymal stem cells and were suggested to be
more conductive to bone regeneration (Xia et al., 2022). This suggests
PEEK’s biofunctionalization may involve combining different
multi-scale features, where macropores facilitate vascularization and
bone ingrowth whereas rough surfaces with smaller-scale porosities
support cellular adhesion and proliferation.

Nevertheless, most works on PEEK’s biofunctionalization study
osteogenesis-related responses with osteoblasts, considering their role in
bone formation (Elhattab et al., 2020; Spece et al., 2020; Wong et al.,
2021). However, the modification of PEEK can also achieve bio-
functionalization based on the behaviour of other types of cells, where
the interconnected pores of scaffold structures allow the migration of
endothelial and fibroblast cells enabling vascularization and fibro-
genesis within the pores (Mikos et al., 2002; Takaoka et al., 2024). These
types of cells play an important role in the healing process after surgical
intervention and thus, their responses determine implant performance.
In a study where 114 custom-made 3D-printed PEEK implants were used
in chest wall reconstructive surgery, lack of adhesion of surrounding
tissue to the implant was identified as the sole post-operatory compli-
cation in 5 % of the population 1 year after surgery (Wang et al., 2022).
Similarly, in another study where 45 patients underwent
cranio-maxillo-facial reconstruction using PEEK PSIs, all reported post-
operative complications were related to soft tissue adaptation (Gugliotta
et al., 2024). In these cases, bone integration was not the issue, under-
lining the importance of also considering the integration with soft and
connective tissues, even when considering bone-replacing implant
applications.

Although the cellular interactions of differently functionalized PEEK
samples with specific methods have been previously examined, there is a
limited body of research that assesses the cellular responses to different
biofunctional features within the same experimental setting. Some
works have modified PEEK’s surface by combining acid etching with
HA, increasing cell viability and new bone formation (Sharifi et al.,
2018; Yabutsuka et al., 2017, 2018; Masamoto et al., 2019). Despite
their valuable contributions, the solid PEEK samples used in these works
do not consider other features like surface roughness or the porous
structures that can be obtained with 3D-printing. In a very interesting
work, titanium dioxide polydopamine-coated PEEK that was 3D-printed
into a scaffold and sputtered with HA not only resulted in increased
mechanical properties but also achieved significant improvements in in
vivo osseointegration, effectively applying biofunctional surface features
to 3D-printed scaffolds (Jang et al., 2022). Nevertheless, the mentioned
works still focus on osteogenesis-related responses and do not consider
soft tissue integration as a critical aspect for the performance of PEEK
implants. Considering this, this work aims to investigate and compare
the effects of different combinations of 3D-printed PEEK biofunctional
features in fibroblasts’ response and identify the adequate surface fea-
tures that constitute the most adequate environment for connective
tissue adhesion and healing.

In this work, different combinations of biofunctional features were
investigated, where solid, porous, and surface-rough 3D-printed PEEK
samples were surface-modified with a sulfonation treatment and HA
particle incorporation. The porous scaffold was designed according to
the abovementioned requirements for pore size, interconnectivity, and
structural integrity and was tested together with other printed speci-
mens in both fully porous and solid-porous configurations. Fibroblast
cell culture assays were conducted to assess the effects of the different
combinations of surface morphologies on cellular adhesion and prolif-
eration. Furthermore, preliminary data was collected on the metabolic
activity of fibroblasts in culture on differently modified PEEK samples.
Herein, we provide valuable insights into the biofunctionalization of 3D-
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printed PEEK, particularly regarding fibroblasts behaviour and con-
nective tissue’s key role in implant performance, thus contributing to
developments in surgical treatment applications of 3D-printed PEEK
implantable devices.

2. Materials and methods
2.1. Materials and equipment

All samples used in the experiments were 3D-printed with neat PEEK
filament (Apium PEEK 450 Natural, Apium Additive Technologies
GmbH, Karlsruhe, Germany) with a diameter of 1.75 mm, density of 1.3
g/cm3, tensile strength of 98 MPa and elastic modulus of 4 GPa (Table 1)
(Apium PEEK 450 Natural Datasheet). The PEEK samples were printed
on an Apium’s P220 printer (Apium Additive Technologies GmbH,
Karlsruhe, Germany) equipped with a 0.4 mm nozzle. This printer is
designed for high-performance printing of high-temperature materials
such as PEEK where a heating plate around the extruder regulates the
temperature of the deposition region. Before printing, the PEEK filament
was dried in the Apium F300 filament dryer (Apium Additive Technol-
ogies GmbH, Karlsruhe, Germany) for 4 h at 120 °C and then maintained
at 60 °C for conditioning and printing.

2.2. Sample design and 3D-printing

Disc samples with 13 mm of diameter and 3 mm of height were
printed for the experiments. Unmodified printed samples are separated
into two configurations, smooth surface samples labelled as ‘S’ and
rough surface samples labelled as ‘R’. To obtain the rough printed
samples, the filament was submersed in distilled water for up to one
week before printing to leverage the hygrometric properties of PEEK.
With this novel procedure, the evaporation of water absorbed by the
filament upon extrusion results in an irregular rough surface on printed
PEEK samples. Both these configurations were printed as solid samples,
with 100 % infill to produce fully dense prints and as porous scaffold
samples designed with large-scale interconnected channels which are
herein labelled with the suffix ‘P’. For these scaffolds, the samples were
designed using the gyroid Triply Periodic Minimal Surface (TPMS), in
SolidWorks (v.2023, Dassault Systemes) where unit cell size and surface
thickness were adjusted for the desired pore size and porosity percent-
age. The desired values for these parameters were set according to
previously mentioned research remarks on porous design requirements.

With the samples designed, the 3D models’ stereolithography (STL)
files were imported into the slicer software Simplify3D (v4.1.2) where
the G-code printing files were generated. All samples were printed with
the circular face flat on the build plate with a 2-layer raft and an 18-line
brim to ensure adhesion to the build plate. Other printing parameters,
outlined in Table 2, were selected according to previous research results
for the highest strength and density cylindrical test specimens (Rendas
et al., 2023). In line with the methodology of this research, the extrusion
flow was adjusted using a Python script that modifies extrusion based on
a printed line’s length. These adjustments are essential to avoid over-
extrusion issues which tend to happen in small gap-filling movements in
both the gyroid scaffold samples and in the innermost laps of the

Table 1
Apium PEEK 450 Natural Filament properties (Apium PEEK 450 Natural
Datasheet).

Filament Material Properties

Density, p [g/cm®] 1.3
Elastic modulus, E [GPa] 4.0
Tensile strength, o, [MPa] 98
Tensile elongation, &, [%] 45
Glass transition temperature, T, [°C] 143

Melting temperature, T, [°C] 343
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Table 2
Printing parameters set in Simplify3D.

FFF Printing Parameters

Nozzle temperature 485 °C Layer height 0.20 mm

Bed temperature 130 °C Extrusion width 0.48 mm
Zone heater temperature 130 °C Printing speed 600 mm/min
Deposition pattern Concentric  Retraction  Distance 4 mm
Deposition sequence Outside-In Restart 0.2 mm

Raft layers 2 Z-lift 0.15 mm
Brim outlines 18 X/Y movement speed 4800 mm/min

concentric deposition on solid samples. Furthermore, the surface rough
samples also required extrusion adjustment by a factor of 0.9 due to
volume increases after water absorption.

Considering these preparations, the samples were printed and
labelled according to four groups, smooth samples ‘S’, rough samples
‘R’, and their respective porous scaffold counterparts, ‘SP’ and ‘RP’ as
detailed in Table 3. Through these configurations, the effects of surface
roughness and large-scale interconnected porous features on cellular
interactions can be assessed and compared to solid PEEK samples.

2.3. Surface modification

Each of the four groups of 3D-printed samples was reproduced and
subsequently submitted to sulfuric acid surface etching, commonly
referred to as sulfonation treatment. This treatment was performed by
immersing and stirring PEEK discs in sulfuric acid (95-97 % a.r., Chem-
Lab NV, Zedelgem, Belgium) for a duration of 3 min. This sulfonation
time was selected based on SEM observation of the surfaces of trial
samples obtained with immersed during times ranging from 30 s to 5
min. Following the procedures documented in prior research, the sul-
fonated PEEK samples were subsequently rinsed in purified water and
acetone (Zhao et al., 2013) followed by hydrothermal treatment at
100 °C for 4 h (Li et al., 2020; Ma et al., 2020). With this treatment, a
nanostructured porous network is created in the surface of PEEK samples
resulting in four additional groups identified with the prefix ‘A’ as
shown in Table 3.

Additionally, the sulfonation treatment was replicated and com-
plemented with a procedure for the incorporation of hydroxyapatite
(HA) particles via chemical deposition following the same procedure
detailed in previous studies (Sharifi et al., 2018; Almasi et al., 2014). For
this, sulfonated samples were immersed in a 10 %wt/v suspension of HA
(>95 %, 1-100 pum, Bioceramed- Ceramicos para Aplicacoes Médicas,
Loures, Portugal) in purified water and continuously stirred for 5 h, after
which water rinsing removed any excess particles. Particle incorpora-
tion was performed in each of the groups of sulfonated samples resulting
in another four groups identified with the prefix ‘HA’. All
surface-modified samples were subsequently dried in an oven at 120 °C
for 4 h. The sample labels for each disc preparation procedure are out-
lined in Table 3.

2.4. Sample characterization

Considering the neat surface PEEK discs, test specimens of configu-
rations ‘S’, ‘R’, and ‘SP’ were 3D-printed to compare the compressive

Table 3
Labelling of samples according to different preparation procedures.
3D-Printed
Acid-treated
HA-incorporated
Smooth S A-S HA-S
SP A-SP HA-SP
Rough R A-R HA-R
RP A-RP HA-RP
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behaviour of the scaffold design and the rough printed samples with the
behaviour of solid smooth printed PEEK. Additionally, a surface porous
sample labelled as ‘M-SP’ was printed where the porous scaffold design
used in samples ‘SP’ was limited to a 3 mm thickness of the top and
bottom surfaces of the specimen, with the rest of the sample printed
solid.

For each of these configurations, cylindrical compression test spec-
imens with 13 mm diameter and 26 mm of height were 3D-printed and
tested according to ASTM D695 guidelines. Compression testing be-
tween plates was performed for all samples at the standard test speed of
1.3 mm/min, conducted using a universal testing machine (INSTRON
1342, Instron Corp, Massachusetts, USA) equipped with a 250 kN load
cell from which the modulus of elasticity and the offset yield strength at
0.2 % strain were calculated, all according to ASTM D695-96. For
specimens ‘M-SP’, a second linear region was observed when plastic
deformation occurs solely in the porous sections of the specimen. From
this region, a second modulus was calculated, and the corresponding
yield strength obtained at the proportional limit where R? from the
linear regression fell below 0.998. All compression tests were repeated 5
times for each of the specimens’ configurations.

Additionally, a compression test specimen of the scaffold configu-
ration ‘SP’ was submitted for porosity analysis using micro-Computed
Tomography (Micro-CT). This analysis was conducted at Micronsense-
Metrologia Industrial (Leiria, Portugal) using a Phoenix V| TOME|X m
240 where the PEEK samples were scanned at 75 kV and 180 pA, with an
angular increment for the scanning of 0.15° and spatial resolution 41
pm. The image data was analysed using a 3D tomographic reconstruc-
tion and analysis software (Volume Graphics 3.5.2 software, Volume
Graphics).

2.5. Surface characterization

The different surface features of the disc samples were examined
using a Scanning Electron Microscope (SEM) (model SU3800, Hitachi
Ltd., Tokyo, Japan) with the detection of secondary electrons (SE) mode
under high vacuum and with an accelerating voltage between 20 kV and
30 kV. For this, the non-conductive samples were gold-sputtered for
about 90 s at a pressure of 0.1 torr, current between 10 and 20 mA, and
voltage of about 1 kV under an argon environment.

The surfaces of solid disc samples were also characterized using
surface roughness and wettability measurements. Surface roughness was
measured using a portable profilometer (MarSurf PS 10, Mahr GmbH,
Goettingen, Germany) programmed for a traversing length of 4.8 mm,
velocity of 1 mm/s and equipped with a stylus of 2 pm. For each of the
samples, a minimum of 3 roughness measurements were taken in the
radial direction of the top surface of the discs and the report data was
calculated according to ISO 16610-21. Water contact angle measure-
ments were obtained with a goniometer (KSV CAM100, KSV in-
struments, Finland) which were also repeated 3 times for each sample.

2.6. Cell culture

Primary Dermal neonatal human Fibroblasts (PCS-201-010) were
obtained from American Type Culture Collection (ATCC®, United
States). Cell culturing and maintenance were done in Dulbeco’s Modi-
fied Eagle Medium (DMEM, Gibco™ by Life Technologies, United
States), supplemented with 10 % (v/v) Foetal Bovine Serum (FBS;
Gibco™ by Life Technologies, United States) and 1 % (v/v) Penicillin
and Streptomycin. For culture maintenance, the medium was further
supplemented with 5 ng/mL of Fibroblast Growth Factor (FGF, Sigma-
Aldrich, United States). Incubation of the cells was performed at
37 °C, with 99 % humidity and 5 % (v/v) CO3 (Lenis-Rojas et al., 2017).

2.7. Sample preparation for cell experiments

Before use in cell experiments, the samples were washed and
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sterilized. Briefly, the samples were incubated in 70 % Ethanol for 1 h in
a shaking incubator. Following the drying of the samples, these were
again incubated in Phosphate Buffered Saline (PBS) for another hour in a
shaking incubator. Afterwards, the samples were dried and autoclaved.
Then, the samples were incubated in sterile PBS overnight to balance the
surface charges. Finally, the samples were incubated in DMEM, for 4 h
immediately before the beginning of the cell experiments, to enrich the
samples in nutrients and facilitate the cell adhesion process.

2.8. Cell adhesion

Samples were inserted individually in wells of 24-well plates. The
fibroblast suspension was prepared in DMEM supplemented as previ-
ously described, except without the addition of FGF, at a concentration
that guaranteed the presence of 1.08 x 10° cells per 700 pL of cell
suspension. The seeding value was calculated based on the growth area
relation and 20 % extra was added to account for the extra surface area
of the samples. Then 700 pL of the cell suspension was added over the
samples or into empty wells, for experiment control. Cells were left to
proliferate in an incubator at incubated at 37 °C, with 99 % humidity
and 5 % (v/v) COg, for four days.

2.9. Cell counting

The capability of cells to adhere and proliferate in the samples was
assessed through trypsinization of cells in the samples and correspond-
ing wells occurred separately. The process consisted of the removal of
the growth medium following washing with PBS. After the removal of
PBS, a 10-min incubation with the dissociation agent TrypLE™ Express
(Gibco™ by Life Technologies, United States). Following the inactiva-
tion of the dissociation agent with DMEM, the mixtures were centrifuged
individually. Cell counting was performed via the Trypan Blue exclusion
method with the use of the CytoSMART Exact automated cell counter
(Axion BioSystems, Atlanta, United States).

2.10. Cell viability

The cells were cultured as previously detailed for the assessment of
fibroblasts viability in the two environments (well bottom and samples).
Firstly, the cells were removed from the wells and put into new 96-well
plates, and 80 pL of fresh medium and 20 pL of the CellTiter 96®
Aqueous One Solution Cell Proliferation Assay kit reagent (Promega,
Madison, United States) were added to the wells. Following a 1-h in-
cubation period, the total volume of medium was placed into wells of a
96 well plate, and the absorbance at 490 nm was read using a microplate
reader, Tecan Infinite M200 (Tecan, Mannedorf, Switzerland). With this
method, cell viability can be indirectly assessed as a measure of mito-
chondria viability, as only metabolically active cells will reduce 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt (MTS) to formazan, due to their active
mitochondrial dehydrogenases (Lenis-Rojas et al., 2017; Choroba et al.,
2019).The background absorbance value was obtained from a well
containing only the mixture of medium and reagent (control well), and
this value was then subtracted from all other absorbances.

2.11. Cell assay data treatment

All values represent the ratio between the values/counts for the
isolated sample by the corresponding control well value. This is repre-
sented below (1), wherein X can be replaced with either the number of
cells or fluorescence values to obtain the values represented for these
assays. The ratios obtained represent the similarity between the sample
and the corresponding well which represents the ideal growth envi-
ronment.
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2.12. Scanning electron microscopy (SEM) for fibroblasts morphology

Following the four-day incubation period, samples containing and
not containing Fibroblasts were washed with PBS and incubated with
paraformaldehyde (PFA) for 30 min. After fixation of the samples, these
were washed three times and stored with PBS at 4 °C.

Before Scanning Electron Microscopy (SEM) observation, these
samples were dried and fixed to the SEM stub using aluminium tape.
After this the stub with the samples was gold sputtered following the
same procedure described in subsection 2.5. to obtain SEM images of the
cells fixed on the non-conductive PEEK samples. To distinguish cellular
bodies from other features that could be created by cell culture pro-
cedures, SEM images of cell-cultured samples were compared with im-
ages of samples that underwent the same procedure but were incubated
without the presence of cells.

2.13. Statistical analysis

Statistical analysis was performed using the GraphPad Prism pro-
gram (version 8.0.1). The non-parametric two-way ANOVA test with
multiple comparisons where the Tukey method was used to compare
different PEEK constructs for both fibroblast growth and distribution, by
estimating the p-value. Results were considered statistically significant
for p < 0.05.

3. Results and discussion
3.1. Sample design and compressive behaviour

Considering the role of additive manufacturing in the production of
implantable medical devices, the ability to produce intricate designs
with 3D-printing is often leveraged for the fabrication of porous scaf-
folds where different designs can have different outcomes in both the
mechanical behaviour and the bioperformance of the samples. In this
work, the design for scaffold samples SP and surface-modified versions
thereof were obtained based on pore configuration requirements for
implantable medical devices. One of the main requirements for scaffold
design is the presence of sufficiently large pores that allow cell prolif-
eration and vascularization, which should be arranged in an inter-
connected network to enable oxygen and nutrient transport deep into
the scaffold (Jarman-Smith et al., 2012). Pore size and interconnectivity
are typically fulfilled at the expense of the design’s volume porosity
where a highly interconnected network of larger pores will result in a
scaffold design with considerably lower strength and rigidity compared
to solid designs (Karageorgiou and Kaplan, 2005). This makes the
structural integrity another key requirement for scaffold design, espe-
cially considering the load-bearing implant applications where
3D-printed PEEK displays its potential.

The gyroid TPMS was selected for the design which, like the Schwarz
diamond and primitive, displays an interconnected pore configuration
that can be 3D-printed while retaining effective load transfer through
the lattice structure. With this, additively manufactured TPMS bioma-
terial scaffolds have the potential to assimilate the topological and
mechanical properties of bone, making them highly suitable for bone
tissue engineering applications (Restrepo et al., 2017; Bobbert et al.,
2017; Valainis et al., 2019).

PEEK scaffolds have been previously 3D-printed based on these
TPMS geometries where the designs presented a direct relation between
pore size and scaffold porosity (Spece et al., 2020). In these printed
PEEK structures, the compressive properties were found to decrease
with the designed porosity percentage (Spece et al., 2022). However,
porosity can be decreased for the same pore size by applying a scaling
factor to the unit cell structure size and thickness. With TPMSs like the

Journal of the Mechanical Behavior of Biomedical Materials 167 (2025) 106979

gyroid, the increase in strut thickness results in a higher volume fraction
for the scaffold design and results in a stronger and more rigid structure
(Nsiempba et al., 2021; Panesar et al., 2018). To avoid the reduction of
pore size with the increase of volume fraction, cell size must be
increased to allow the increase of the scaffold strength while retaining
the desired pore size and interconnectivity.

Considering this, the scaffold design of samples SP used in this work
was obtained by increasing the strut thickness, T, and unit cell size, S of
the gyroid TPMS unit cell following the procedure illustrated in Fig. 1a.
For this, initial iterations were performed to adjust designed pore size
until the smaller dimension of the pore cross-section, labelled as
dimension P in Fig. 1a measured approximately 600 pm. To obtain this
dimension, the dimension P in the design model had to be adjusted to
800 pm while the designed pore volume fraction was kept at approxi-
mately 40 %. With this, a cylinder compression specimen was 3D-
printed and submitted to porosity analysis using micro-CT to compare
sample porosity, strut thickness, pore size, and other measurements to
the designed dimensions (Table 4).

The results from micro-CT analysis attest to the printability of the
gyroid design implemented for scaffold samples SP. The average
measured pore size of 458.4 pm agrees with the pore size range between
100 and 600 pm suggested for cell proliferation and vascularization of
macroporous scaffolds (Abbasi et al., 2020; Karageorgiou and Kaplan,
2005; Jarman-Smith et al., 2012) while the average strut thickness
measured 834.8 pm. This resulted in a volume porosity percentage of
just 24 % which is much lower than the porosity of previously
researched printed PEEK scaffolds (Elhattab et al., 2020; Spece et al.,
2020; Wong et al., 2021) and showcases the potential for a scaffold
design with higher strength and rigidity. However, due to 3D-printing’s
deposition, both the measured porosity and pore size of the printed
scaffold were lower than their respective designed dimensions, which
can mean that the interconnectivity of the porous network was
compromised. This was assessed by examining the tomography of the
micro-CT data along longitudinal and transversal cross-sections of the
sample, as shown in Fig. 1b. Through this analysis, the interconnectivity
of the porous network was considered intact. Animated images
demonstrating this analysis can be found in the (Supplementary Fig. 1).

Following this, cylindrical test specimens were tested to compare the
compressive behaviour of scaffold samples SP and surface-rough sam-
ples R to the behaviour of solid printed samples S. In addition to this,
surface macroporous samples M-SP were also tested to represent the
case where porous features are solely implemented at the functional
interface. These printed samples can be seen in Fig. 1c, together with
their respective highest-strength stress-strain curves. Additionally,
compressive property results were compared along with density esti-
mates based on the samples’ mass and dimensions Table 5.

Compared to solid samples S, both R and SP resulted in significantly
lower rigidity and strength. With sample R, the rough surface is obtained
when the water absorbed by the filament evaporates upon extrusion
creating open porosities in the deposited material. Although these po-
rosities can be desirable for cell interactions, these features can also be
present in the interfaces between the layers when the samples are 3D-
printed, thus hindering interfacial bonding and resulting in the pres-
ence of internal void defects. For these reasons, the estimated density for
sample R was about 12 % lower than the density measured for sample S,
despite both being obtained with the same printing file. With this, the
procedure to create surface-rough printed PEEK leveraging on its hy-
grometric ability presented in this work also results in a significant
reduction of both its rigidity and strength in relation to smooth-printed
PEEK samples.

With scaffold samples SP, the lower strength and rigidity were ex-
pected considering that the designed porous network results in a smaller
effective cross-section area for load support. Despite this, all tested
scaffolds withstood the compressive loading through plastic deforma-
tion without fracture, attesting to the structural integrity and print-
ability of the scaffold design presented in this work.
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Strain

Fig. 1. Gyroid design iteration for scaffold CAD model dimensioning (a), porosity analysis of void volume (red) and its interconnectivity in Micro-CT data visu-
alization software (b), and engineering stress-strain curves and standard deviations plot from compression testing of the highest strength as-printed samples (c).
Animated images of Micro-CT interconnectivity assessment can be found in supplementary documentation Fig. 1. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

Table 4
Comparison between as-designed dimensions and micro-CT measurements from
test specimen of sample SP.

As Designed Micro-CT
Height [mm)] 26.00 25.81
Diameter [mm] 13.00 12.65
Void Volume [mm®] 1376.90 740.61
Solid Volume [mm?®] 2074.14 2346.23
Surface Area [mmz] 6372.15 7039.35
Dimension P [mm] 0.800 0.604 + 0.044"
Strut Thickness [pm] - 834.8 +178.0
Pore size [pm] —_— 458.4 + 147.6
Porosity [%] 39.9 24.0

@ Measured through microscopic images (ISM-PM200sb, Insize Co., Suzhou,
China).

In addition to this, there is the unique ability of 3D-printing to
implement these designs solely at the functional interface of the
component and therefore, reduce its consequences on the mechanical
behaviour of printed PEEK components. This was tested with surface
porous samples M-SP which display a higher Young’s modulus of 1.87
GPa and yield strength of 44.1 MPa compared to the full scaffold SP.
Interestingly, as seen in Fig. 1c, the stress-strain curve of these samples is
characterized by two linear regions where the second represents the
compound effect of the elastic deformation of the solid region with the
pore compression plastic deformation of the scaffold sections of the
specimen. With this configuration, the proportional limit compressive
strength obtained from the second linear region after pore compression

averaged 91.4 MPa, closely resembling the strength of solid samples S.
This suggests that, if pore compression is admitted, large-scale porosities
can be 3D-printed at the functional interface resulting in a higher
strength functionally graded design developed towards the implant’s
application requirements. Nevertheless, both the yield strength and ri-
gidity of the printed scaffolds obtained in this work sit within the range
of the compressive properties of trabecular bone (Su et al., 2023) and are
significantly higher than previously presented for 3D-printed PEEK
scaffolds (Spece et al., 2020).

3.2. Surface characterisation

The sample configurations used in this work result from combina-
tions of the different printed samples with the surface modifications of
acid etching and particle incorporation. The goal of testing these com-
binations is to assess both the individual and compound influence of
different surface features in the behaviour of fibroblast cells, which are
critical for evaluating the biocompatibility and effectiveness of implant
materials. For this, surface characterisation of the samples was con-
ducted according to these features, measuring surface roughness and
wettability while surface morphologies were observed under SEM.

Surface roughness measurements were exclusively performed on
solid disc samples (S, A-S, HA-S, R, A-R, HA-R) due to the profilometer’s
need for a continuous surface, which scaffold samples do not possess
(Table 6). In these measurements, all rough printed samples (R, A-R, HA-
R) presented higher surface roughness compared to the corresponding
smooth printed samples (S, A-S, HA-S), with a strong statistical signifi-
cance (p < 0.01) (Fig. 2a). These differences are evident when
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Table 5

Compressive properties and density results of as-printed PEEK cylindrical specimens.
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Estimated Young’s Compressive Yield Strain at Yield, Young’s Compressive Proportional Limit
Density, p [g/ Modulus, E; Strength, 6029 L x Modulus, E Proportional Limit Strai L %
em? [GPa) [MPa] 020 |74 [GPa) Strength, o, [MPa] T e |,
100%] 100%}
S 1.264 £+ 0.021 3.12 £ 0.06 944+ 1.7 3.54 +0.15 - - -
R 1.116 + 0.094 1.67 £ 0.14 36.7 +£ 2.2 2.84 +£0.34 - - -
SP 0.939 + 0.028 1.33 £ 0.08 38.3+ 0.6 3.37 £ 0.32 - - -
M-SP 1.126 £+ 0.007 1.87 £0.14 44.1 £ 0.7 293 +0.28 0.47 £ 0.01 91.4+1.3 12.14 + 0.44
Cortical Bone (Su 1.92 6-30 - - - - -
et al., 2023)
Trabecular Bone (Su 0.05-0.3 0.01-3 2-70 - - - -
et al., 2023)
Mandible Trabecular 0.85-1.53 0.004-0.126 0.22-10.44
Bone (Misch et al.,
1999)
Table 6
Surface roughness measurements of smooth and rough printed samples with differently modified surfaces.
Smooth Rough
S A-S HA-S R A-R HA-R
Ra [pm] 6.452 + 0.115 4.767 + 0.283 5.389 + 0.336 12.275 + 1.142 8.012 + 0.791 6.758 + 0.139
Rz [pm] 29.924 + 2.394 21.030 £ 0.450 25.802 £+ 1.759 64.175 + 8.853 40.088 + 3.172 36.483 £ 0.565
Rmax [pm] 35.944 £+ 1.410 27.994 £+ 0.784 43.567 + 9.569 102.289 + 17.811 63.114 £+ 17.790 56.683 + 4.385
Rt [pm] 39.437 + 2.805 29.969 + 3.218 44.335 + 9.544 106.743 + 18.678 72.556 + 23.352 61.735 4+ 7.010
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Fig. 2. Surface roughness R, results for solid samples (a); SEM micrographs comparison between smooth (b) and rough (c) extruded filament and top surfaces of
respective smooth (d) and rough (e) printed samples; surface profile comparison between solid samples S, R and A-R (f); Surface water contact angle plot for un-
treated, acid treated and particle incorporated solid samples. Statistically significant differences indicated by * (p < 0.05).

comparing SEM images of both these surface configurations (Fig. 2 b, c,
d and e). Using this method to produce surface rough printed PEEK, the
evaporation of the absorbed water forms protrusions in the extruded
material (Fig. 2c) which when combined with the deposition movement
results in a highly irregular surface (Fig. 2e). Comparatively, this surface
is considerably more textured than the regularly printed filament
(Fig. 2b) and deposition (Fig. 2d). This is also evident in the surface
profiles of these samples shown in Fig. 2f where the “m” shaped profile
characteristic of printing deposition seen with samples S cannot be

identified in the profile of samples R.

These surface features observed in rough printed samples can be
described as large-scale open porosities which are very different from
the morphologies of rough PEEK surfaces through other methods like
sandblasting (Porrelli et al., 2021). Compared to these methods, the
rough PEEK surface presented in this work could similarly improve cell
attachment through the increase of surface area or improve adhesion
with surrounding tissue without the need for additional post-processing
of as-printed samples. Despite this, as seen previously, creating these
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rough surfaces corresponds to a reduction of the strength and rigidity of
printed PEEK thus limiting the use of this method. Nevertheless, as
proposed for the porous construct, these rough surfaces could be limited
to functional interfaces where tissue adhesion is required.

Considering the surface modification of printed samples with sulfo-
nation, the acid etching action reduced roughness by corroding surface
irregularities which are more exposed to the acid in terms of surface
area. This is particularly evident in sample R where sulfonation resulted
in a much lower surface roughness for sample A-R and shows that,
although it creates a small-scale porous network on PEEK’s surface,
sulfonation can also diminish larger-scale surface features. Apart from
this, the influence of HA incorporation was found to be statistically
insignificant in the surface roughness of both smooth and rough sam-
ples, even though there is the possibility of particles accumulating in
rough surface irregularities and reducing the surface roughness with
samples HA-R.

Regarding the wettability of the different samples, the water contact
angle on smooth PEEK samples S averaged 89.4° while on rough samples
R the average angle of 103.0° suggests a more hydrophobic surface
(Fig. 2g). However, considering that both samples should have same
material properties and corresponding surface energy, this difference in
wettability could be caused by interference of the rough surface in the
contact of the water droplet. For this reason, wettability measurements
on rough surfaces show higher deviations, making the comparison to
their smooth counterparts of low significance (p > 0.05). Despite this,
wettability measurements on smooth samples show that the sulfonation
treatment increases surface hydrophilicity between samples S and A-S
(p < 0.05), which is then slightly lowered by HA incorporation from A-S
to HA-S (p < 0.05). This increase in wettability with sulfonation agrees
with previous works on acid-treated PEEK samples (Huo et al., 2021;
Almasi et al., 2014; Wang et al., 2019; Huang et al., 2001) although
other works also report on the decrease of PEEK’s hydrophilicity with
similar treatments (Li et al., 2020; Zhao et al., 2013; Ma et al., 2020).

The sulfonation of PEEK samples can produce different outcomes
depending on PEEK’s material properties, the type of acid used and
treatment parameters like etching time, acid concentration, and post-
etching treatment. In the mentioned works, the acid etching proced-
ures vary considerably making it difficult to compare the etching degree
of PEEK samples between different works. For this reason, the sulfona-
tion time of 3 min used in this work was selected based on SEM images of
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trial-run sulfonated PEEK samples. With this treatment, the typical light-
brown colour of PEEK samples turns to white even before HA incorpo-
ration (Fig. 3a), evidence of the sulfuric acid’s modification of PEEK’s
surface. Under SEM observation, sulfonated samples show a nanoporous
network (Fig. 3b) similar to the ones presented in previous works (Zhao
etal., 2013) as well as its subsequent incorporation with hydroxyapatite
particles (Fig. 3c). Nevertheless, SEM observation of the treated surfaces
also revealed that the sulfonation degree varies along the samples’
surface and that HA particles tend to agglomerate in surface irregular-
ities created with the sulfonation treatment (Fig. 3d).

The sample configurations utilised in this study integrate different
combinations of surface characteristics that play a role in the cellular
interactions with 3D-printed PEEK. The morphologies obtained with the
surface modification procedures closely align with those documented in
previous research on PEEK biofunctionalization. Through these config-
urations, this study provides a framework for evaluating the optimal
surface functionalization methodology for 3D-printed PEEK regarding
the effects of different morphologies on the cytocompatibility, adhesion,
and proliferation of fibroblast cells.

3.3. Cytocompatibility, adhesion and proliferation

Fibroblasts collected from PEEK samples were counted and normal-
ized against the bottom of the corresponding cell culture-treated well.
The polymer at the bottom of cell culture wells are treated to create an
ideal environment for cell adhesion and proliferation. Thus, the com-
parison of the number of fibroblasts in each environment (PEEK samples
and well bottom) was used as an indication of the preferred environment
for fibroblast growth. Specifically, if the PEEK samples did not present a
welcoming environment for fibroblast adhesion and growth, it would be
expected that the number of cells in these samples would represent a
negligible percentage of the total cells. The conduction of these studies
after an adequate interval reduces the effects of random cell distribution
at time of seeding. However, this was not the case since all PEEK con-
structs show an average distribution higher than 30 % of the total cells
present (see Supplementary Fig. 2). This value is even more significant
when accounting for the fact that the initial seeding accounted only for a
20 % increase in growth area. Thus, PEEK constructs, despite the
different responses enabled by surface modification or porosity profile,
appear to provide a minimally adequate environment for fibroblast
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Fig. 3. Sample surface appearance and colour (a), and SEM micrographs of the surface morphology of solid printed samples after acid treatment (b) and after particle
incorporation (c, d). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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adhesion and proliferation. This suggests that PEEK samples may be
good candidates for connective tissue adhesion, which is essential for
adequate recovery and proper function of the prosthesis.

Results for fibroblast growth, distribution, and metabolic activity are
summarised in the heatmap of Fig. 4 and all data presented is repre-
sentative of ratios calculated as in (1). Both values for cell growth and
distribution are calculated based on the cell counting data, however
these values represent different aspects as cell growth is calculated based
on the total amount of seeded cells at the beginning of the experiment.
Distribution only considers the data collected at the end of the experi-
mentation period. Taking both analyses into account, it is possible to
assess the preference of fibroblasts to adhere on sample surfaces sepa-
rately from their distribution to growth environments.

Considering cell growth, sample configuration HA-R presents a ratio
of 0.80 + 0.03, making it the most like the profile presented by the
bottom of the well. Given that the well bottom presents the most
welcoming environment for culture and proliferation of fibroblasts, this
~80 % similarity between growth profiles suggests that the rough sur-
face combined with sulfonation, and particle incorporation modification
of samples HA-R, is adequate for fibroblast growth. Compared to other
configurations, the differences in cell growth to HA-R were found to be
statistically significant (p < 0.05) for all samples except for configura-
tions A-SP, HA-SP, and HA-S. These samples presented fibroblast growth
values of 0.61 + 0,02, 0.57 + 0.09, and 0.65 + 0.07 respectively, rep-
resenting an intermediate level of cell growth. Conversely, cell growth
profile difference was most statistically significant (p < 0.0001) for as-
printed smooth samples S (0.34 + 0.11), highlighting the need for
modification of 3D-printed PEEK’s surface features to improve cellular
interactions.

Cell distribution (well bottom vs. sample) results, similarly to cell
growth data, show a statistically significant difference between HA-R
and all samples with a ratio value of 0.79 + 0.03 (p < 0.05). The ex-
ceptions were configurations A-SP, HA-SP, and HA-S. Likewise, these
constructs that showed no statistically significant difference (p > 0.05)
to HA-R had mean fibroblast distribution ratios of about 0.61 + 0.03 for

Smooth A-S
Solid A
Rough A-R
HA-R
SP
Smooth A-SP
HA-SP
RP
Rough A-RP
HA-RP

Porous =

Fig. 4. Illustrative heat map of averaged ratios for cell growth, distribution and
metabolic activity for different sample configurations. The ratios are between
the values for the samples and the corresponding well. Values range from
0 (red) to 1 (blue) with 1 corresponding to an equality between the values for
the sample and well and 0 corresponding to no similarity between the two. All
values for fibroblast growth and distribution are representative of at least two
independent experiments, each with at least three replicates. Metabolic activity
data is only preliminary as it resulted from one single experiment. Further in-
formation can be found in supplementary documentation Fig. 2 and 3. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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A-SP, 0.61 4 0.05 for HA-SP, and 0.62 4 0.04 for HA-S. These results
reflect a more balanced distribution of fibroblasts between particle-
incorporated samples and the well bottom, particularly for HA-R sam-
ples, further supporting the results observed for fibroblast growth.
Moreover, these results for cell growth and distribution on sulfonated
samples support the cytocompatibility of acid-etched surface modifica-
tions, consistent with the findings of previous studies (Zhao et al., 2013).
Once again, the most statistically significant difference (p < 0.0001) was
found when comparing the constructs HA-R with as-printed samples S
that present a ratio value of 0.33 & 0.11.

No other comparison of values among the different constructs, either
related to fibroblast growth or distribution showed statistically signifi-
cant differences, which supports that HA-R presents the most favourable
combination of surface modifications to create an adequate growth
environment for these cells. Furthermore, the differences between the
growth and distribution of fully modified rough samples HA-R and as-
printed samples S show that cellular interactions with 3D-printed
PEEK can be significantly improved by the surface modification pro-
cedures described in this work, particularly when the rough printed
PEEK is combined with nanoscale porosity features incorporated with
HA particles.

Although not statistically significant, both the distribution and
growth values of fibroblasts seem to indicate that, with the solid PEEK
constructs of samples S and R, there is a tendency for sulfonation to
create a better growth surface with the implementation of HA particles
further increasing such a tendency. This can be related to the increases
in hydrophilicity seen with both steps of the surface modification pro-
cedure (Fig. 2g). When looking specifically at the rough-porous samples
RP, an opposite tendency appears where surface treatments create a
worse environment for cellular growth. Nevertheless, with smooth sur-
face porous samples SP, both the sulfonation and the presence of HA
particles seem to exhibit a similar tendency to smooth solid samples S.
However, in this case, there does not seem to exist a combinatory effect
at play between the sulfonation treatment and particle incorporation.
Together, these results seem to indicate a tendency for smooth PEEK
scaffolds SP to be more benefitted by sulfonation and HA particle
presence than rough PEEK scaffolds RP where the surface roughness
already constitutes a more adequate environment for fibroblast adhe-
sion and proliferation.

Additionally, preliminary data on cell viability was obtained through
the MTS assay (Supplementary Fig. 3). Results were normalized as
previously done for the growth and distribution results. The obtained
values were overall lower for porous samples than for smooth samples
(Fig. 4). These results suggest that, despite the potential of scaffold
structures for vascularization to allow nutrient and oxygen transport,
cell migration within the porous network can also injure metabolic
activity.

Cell adherence, morphology and distribution in the different samples
were assessed through SEM observation and using as comparison sample
surfaces that were incubated in the absence of cells. The observation of
cells adhered and spread thinly on the samples’ top surfaces was only
possible under high contrast imaging for solid samples R and S (Fig. 5).
Conversely, on porous samples, cellular bodies are more easily identified
if these are spreading across porous features and around HA particles as
Fig. 6 shows. With this, cell morphology was analysed and compared for
the different sample configurations.

The observation of SEM images allowed for the comparison of cell
morphologies between corresponding solid and porous constructs as
shown in Fig. 7. When on solid samples, like HA-R (Fig. 7a and b), fi-
broblasts show a star-like morphology (Fig. 7c). Additionally, when we
look at its porous equivalent, sample HA-RP, fibroblasts present a more
elongated morphology with extracellular matrix extensions anchoring
them to the surface and connecting them to other fibroblasts (Fig. 7d and
e) which could be suggesting cellular stress with the cells “bridging the
gaps” in the samples. Conversely, the star-like morphology (Fig. 7c) has
been described in active myofibroblasts or wound fibroblasts expressing
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Fig. 5. High contrast SEM micrograph comparison between rough samples R (a, b) and smooth samples S (c, d) cultured without (left) and with cells (right),

respectively.

Fig. 6. Representative SEM micrographs showing fibroblasts located inside the pores of surface-modified scaffold samples HA-RP (a) with respective image under
higher magnification (b), and on scaffold samples HA-SP (c) with corresponding image under higher magnification (d).

higher levels of actin and collagen I fibres necessary for tissue healing
(Ravikanth et al., 2011; Popova et al., 2010; Gunaydin, 2021). A more
active phenotype, could prove to be of great value in terms of the
development of new connective tissue, essential for the adequate re-
covery and proper function of a printed PEEK prosthesis, in terms of
connective tissue adhesion (Xia et al., 2022; Ravikanth et al., 2011).
However, no true conclusions can be taken from the evaluation of the
SEM images given that the cells can show vastly different morphologies
and thus no direct correlations can be made.

10

4. Conclusions

Given the potential of 3D-printed PEEK for customized medical de-
vices, previous research has reported on the use of scaffold structures
and surface modifications to address PEEK’s bioinert nature. Never-
theless, research mainly focuses on bone-related responses using oste-
oblasts, disregarding the important role of primary connective tissue
cells like fibroblasts in the healing process after surgical intervention
and the response of these cells to different surface modifications
developed to improve 3D-printed PEEK osseointegration. In this work,
solid and porous scaffold PEEK samples were 3D-printed and modified to
include multi-scale surface features which were tested with fibroblast
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Fig. 7. Representative SEM observations of cells adhered to solid sample HA-R (a) with corresponding image under higher magnification (b) and illustration of cell
conformation (c) along with observation of cells adhered to scaffold sample HA-RP (d) with corresponding image under higher magnification of a cluster of cells (e).

cells to study the effects of different 3D-printed PEEK bio-
functionalization techniques in connective tissue’s response.

The printed PEEK samples varied in design, with solid and porous
scaffold samples, and in surface roughness, with both designs printed
with smooth and rough surfaces. The porous scaffold design was ob-
tained by tuning the gyroid TPMS dimensions to structural integrity,
pore size and interconnectivity requirements which were assessed
through micro-CT analysis and compression testing. With this, average
pore size of around 450 pm was achieved with scaffold samples with just
about 25 % of volume porosity, which is much lower than the porosity of
most scaffolds presented in previous literature. In this regard, future
investigations can test this proposed design methodology with other
TPMS topologies and compare the results on mechanical strength and
cell response.

Additionally printed samples were also sulfonated to create a nano-
porous network which was then incorporated with hydroxyapatite
particles. This resulted in an array of sample configurations with multi-
scale surface features characterized by surface roughness and wettability
measurements and additionally observed using SEM. Fibroblast cell
culture assays were conducted on differently functionalized 3D-printed
PEEK samples to assess both the individual and combined effects of the
tested features in cellular response. Data from these assays suggests that
the solid design printed with a rough surface and submitted to both the
sulfonation, and HA incorporation procedure presented with samples
HA-R constitutes the best environment for connective tissue response.
This is supported by the relatively balanced results obtained from
fibroblast cultures on samples in all three of the parameters analysed
(fibroblast growth, distribution, and metabolic activity). Therefore, the
results suggest that HA-R samples, with their modified rough surfaces,
constitute the most suitable environment for promoting fibroblast
adhesion and proliferation among the tested configurations.

Conversely, the lowest values for these parameters were obtained
with as-printed smooth samples S emphasizing the need for surface
functionalization of 3D-printed PEEK. Preliminary results from the
metabolic activity assay show that, despite their advantages for
osseointegration, large-scale porous scaffolds can present an adverse
environment for fibroblasts whereas solid surfaces display a more active
form of these cells. With fibroblasts, this cellular activity suggests a more
active role in the formation of an extracellular matrix that is essential for
the support and cohesion of the connective tissues and thus, plays a
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significant role in the healing process after implantation.

Despite these findings, this work presents some limitations that need
to be considered and addressed in future research. The conducted study
focuses on short-term in vitro fibroblast responses, meaning that long-
term evaluations are necessary to gather more conclusive evidence on
the effects of these surface features in extracellular matrix deposition
and connective tissue integration. Furthermore, the surface features
studied in this work, despite their effects in fibroblast responses, require
additional analysis of the adjustment of surface characteristics like pore
size, sulfonation time or HA concentration. Considering this, further
investigations could address these limitations and test the stability of the
tested features after prolonged exposure to physiological conditions or
under fatigue loading.

The method presented in this work to create a rough and micropo-
rous surface incorporated with HA represented by samples HA-R resul-
ted in the best fibroblast adhesion and proliferation profile. However,
this method to create rough 3D printed samples also resulted in lower
strength and rigidity observed in the compression tests. This would
make it difficult to choose this surface modification for orthopaedic
applications where mechanical strength is an important requirement.
However, 3D-printing provides unique capability to implement these
distinct features at different interfaces, yielding Functionally Graded
Biomaterial (FGBm) designs that could improve connective tissue
adhesion while assuring mechanical property requirements. These 3D-
printed structures may also include multi-scale porous characteristics
at the bone interface that could be advantageous for osteogenic activity.
In this regard, 3D-printing has the potential to create advanced implant
solutions where surface features can be tuned for integration with
different types of tissue. Considering this, further work is required to
assess these multi-scale features in a co-culture format including com-
binations of cell types that are often overlooked, such as fibroblasts and
chondrocytes as these are both central in the connective, tendinous and
ligament tissue attachment process. Additionally, in these formats it
would be important to include studies both on protein adsorption and on
collagen deposition as these are important to establish compatibility and
to assess healing potential. With such studies, surface and porous con-
figurations can be optimized for each specific use case, contributing with
significant developments to the biofunctionalization of 3D-printed
PEEK, and potentially resulting in more advanced implant solutions.
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