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1 | INTRODUCTION

The successful integration of implants with surrounding
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Abstract

Osseointegration is highly desirable for implants used for bone replacement.
Polyetheretherketone (PEEK) is an attractive material due to its characteristics
such as high biocompatibility and Young's modulus similar to human bones.
However, PEEK is bioinert, meaning cells do not adhere and proliferate on its
surface. This problem is addressed in this study, with the goal of enhancing
osseointegration of additively manufactured PEEK. The influences of surface
modifications and porous structures on cellular behavior were assessed by
wettability and in vitro tests with subclone of the human osteosarcoma cell line-2
osteoblasts. Overall, the combination of surface modification, type of plasma
process used, atmospheric pressure versus vacuum-based, and surface structur-
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encapsulations, can take place. For the patient, such effects
can lead to implant dislodging and rejection, which can be
resolved by surgical replacement.!**! As reported by Gristina

bone tissue, known as osseointegration, is vital for establish-
ing a stable anchorage and a functional bone-implant
interface through direct bone-to-implant contact."! If this
prerequisite is not fulfilled, undesirable effects, like
inflammatory or allergic reactions as well as fibrous

et al.,1*! three properties of a bone implant are identified as
important selection criteria for successful osseointegration:
the material, the surface, and the design.

With respect to the mechanical properties, the material
should present a high resistance to external forces like
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bending, compression, and traction, while simultaneously
having Young's modulus similar to the surrounding bone
tissue  (cortical bone: 13.8GPa, spongy bone:
1.38 GPal*).>®! Nowadays, titanium is one of the most
implanted materials because of its bioinertness, high
fatigue strength, nontoxicity,””! and osseointegration abil-
ity.®) However, the high Young's modulus of titanium
(110 GPa) leads to “stress shielding,”'! an inhomogeneous
stress transfer between the implant and the surrounding
bone, which can lead to implant loosening.!®! The usage of
titanium as bone implant material is thus debated. Besides
this, titanium also generates artifacts in screening methods
like computed tomography (CT) and magnetic resonance
imaging (MR1)."”! High-performance polymers like poly-
etheretherketone (PEEK) can overcome these chal-
lenges.”! PEEK is well known in medical technology for
its biocompatibility, its compatibility with screening
techniques like MRI and CT, as well as its Young's
modulus (3-4 GPa!'')) similar to that of human bones.['
Furthermore, a study in the clinical and radiological field
comparing titanium and PEEK spinal cages has shown a
better outcome with PEEK.!"® The authors showed that
PEEK led to significantly fewer complications (PEEK:
36.6%, titanium: 64%) and fewer surgical replacements
(PEEK: 2.97%, titanium: 16%). PEEK is already used as an
alternative to titanium for spinal surgeries, fracture
fixation, joint replacement, and maxillofacial opera-
tions.'*®! However, one disadvantage of PEEK is its
bioinert character'”) leading to limited cell proliferation on
its surface. The poor osseointegrative performance prohib-
its the widespread utilization of PEEK in surgical fracture
treatment.

Adequate physical and chemical characteristics of the
implant surface are essential for a successful osseointe-
gration.'®°! For example, it has been shown that
wettability has a strong influence on cellular behavior,
and that cells exhibit improved adhesion and prolifera-
tion on hydrophilic surfaces.”>*! The relative hydro-
phobicity of unmodified PEEK can therefore partially
explain its bioinert character'® and can be overcome
through the application of surface modification (SM)
methods. Numerous SM techniques have already been
explored, such as the deposition of coatings, surface
functionalization through the grafting of new chemical
groups, and surface patterning.**?*! In addition to SM,
surface topography has a strong influence on cell
proliferation. In this regard, an optimal surface would
mimic biological tissues and therefore present a porous
design with bioinspired macrostructures.'* The porosity
strongly influences cell proliferation. Indeed, higher
porosity leads to a higher surface area, whereby more
surface is available for protein binding, and therefore an
enhanced connection to the surrounding tissue is

possible.*®! The size of the pores also influences the
transportation of cells, nutrients, and growth factors
through blood flow.**! Recently, additive manufacturing
(AM) has been proven able to manufacture such
macrostructures.>>?*!  As an added advantage, the
freedom in design inherent to this technology can be
utilized to produce new cell-friendly three-dimensional
(3D) structures>*! and patient-specific implants, which
improves osseointegration due to optimal design.!*”!

The aim of the study presented in this article was to
evaluate the impact of different SMs and macrostruc-
tures on the cellular behavior, the adhesion and
proliferation properties, of PEEK produced through
an AM method, and study the factors leading to
successful osseointegration. First, the impact of
plasma-based surface treatments on wettability as well
as on cytotoxicity according to DIN EN ISO 10993 was
studied. In the second step, the effects of the SMs on
cell proliferation were evaluated. In addition to this, the
influence of surface structuring, developed through the
AM process, on cellular proliferation was analyzed.
Finally, we tested the influence of the combination of
both SMs and structuring on cell proliferation. Such a
combination was studied, to the extent of our knowl-
edge, for the first time.

2 | MATERIALS AND METHODS

21 | Parts manufacturing

The different samples for cellular testing were designed
and converted into standard tesselation language data,
containing information about the surface geometry of 3D
objects, using SolidWorks (Dassault Systémes SolidWorks
Corp.). For the eluate cytotoxicity tests, parallelepipeds
with the dimensions 50 mm X 10 mm X 1 mm were fabri-
cated. The parts for the two-dimensional (2D) cell
proliferation were additively manufactured wells: each
cylinder was 15.7mm in diameter and had a height of
7 mm, with a bottom and a wall thickness of 2 mm. The 3D
proliferation tests were performed on parts presenting
different macrostructures. In the design process, a solid
cylinder with a diameter of 13 mm and a height of 5mm
was sliced via Simplify3d or Slic3r to create macrostruc-
tures (n = 3 samples for each macrostructure and modifi-
cation). The macrostructures of samples A, B, and C are
shown in Figure 3a. For structure A, a rectilinear fill
pattern resulting in a surface area of 22.63cm? was
selected. For structures B and C, a gyroid fill pattern with
a surface area of 16.05 and 17.52 cm? was chosen. For these
3D structures, the surface area was determined using
micro-computed tomography (uCT) exaCT XS scanner
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(Wenzel Volumetrik GmbH) and SolidWorks. For evaluat-
ing the pore size, measurements with SolidWorks, based
on the uCT data, were performed.

Slicing was achieved with the software Simplify3D
(Simplify3D, Inc.) and Slic3r (Version 1.3.0, www.slic3r.
org). Test specimens were prepared with an AM
prototype provided by Kumovis GmbH (Munich) based
on the technology of Fused Layer Manufacturing (FLM).
The samples were manufactured with commercially
available polyetheretherketone KetaSpire® MS NT1
(Solvay S. A.), using a filament diameter of 1.75 mm.
The main printing parameters are shown in Table 1.
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2.2 | Surface modifications

Four distinct SM processes, labeled as SM1-SM4, were
selected to enhance the surface characteristics of additively
manufactured PEEK parts. Untreated PEEK specimens
served as control (SMO). Table 2 summarizes the SM
parameters and depicts the various types of SM that were
employed.

For SM1, the open-air plasma technology PlasmaPlus®
(Plasmatreat GmbH) was used. A TiOx/SiOy precursor was
introduced directly in the plasma. Samples were activated
twice with a plasma jet scanning speed of 5 m/min and at a

TABLE 1 Printing parameters for all manufactured PEEK test specimens.

Nozzle diameter

0.4 mm 1200 mm/min 0.3 mm

Abbreviation: PEEK, polyetheretherketone.

Printing speed  Extrusion width  Layer thickness

0.2 mm

Extruder temp. Chamber temp. Bed temp.

400°C 260°C 250°C

TABLE 2 Representation and parameters of surface modification processes.

SM1

e Distance: 10 mm ¢ Jet Scanning

Speed: 5 m/min
e Number of Passes:

e Plasma Power:
540 W

- Activation: 2x

- Coating: 4x

SM2

® Precursor: PEG ® Pressure: 83 mT

e Power: 300 W e Time: 10 min

SM3

NH;

NH, NH, NH,
;-:/:» / / i

B

® Precursor: -

e Power: 300 W e Time: 5 min

7] pEEK [ Activation [JJl] Tiowsioy

® Pressure: 122 mT

SM4

® Pressure: 122 m

e Precursor: Methanol

e Power: 300 W e Time: 5 min

PEO I:I Surrounding Gas During Surface Modification

Note: For SM1, the technology PlasmaPlus®, and for SM2—SM4, Aurora Plus Low-Pressure Plasma System were used.

Abbreviation: SM, surface modification.
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10 mm distance. The plasma power was 540 W, and the air
was chosen as an ionization gas. For the coating process,
the plasma jet nozzle was moved four times over the parts
under the parameters described above. For the other three
processes (SM2-SM4), the low-pressure plasma system
Aurora Plus system (Plasmatreat USA Inc.), a plasma-
enhanced chemical vapor deposition (PECVD) platform,
was used for the functionalization (Processes SM3 and
SM4) and deposition of nanocoatings (Process SM2) using
low-pressure (vacuum) plasma. More specifically, process
SM2 resulted in the deposition of polyethylene oxide
(PEO)-like coatings, while samples exposed to SM3 and
SM4 were functionalized through the grafting of amine
groups and hydroxyl groups. For SM2, a PEO coating was
created by derivating the diethylene glycol dimethyl ether
precursor (diglyme, Fisher Scientific). The liquid precursor
was vaporized in an evaporator at a temperature of 70°C
and the vapor was carried to the plasma chamber with a
carrier gas. For SM3, an amine functionalization of PEEK
was performed by exposing the substrates to an NH3
plasma. Here, positively charged -NH2 functional groups
were expected to be grafted on the surface due to plasma
treatment. For SM4, the functionalization of PEEK with
hydroxyl groups was performed in a methanol-based
plasma. At this, OH groups were grafted at the surfaces.

2.3 | Wettability

The ability of an implant to transport liquid and nutrition
can be estimated indirectly by determining its wettability.
The contact angle was determined using the sessile drop
method according to DIN EN 828. Drop Shape Analyzer
DSA25E (Kriiss GmbH) and the related software Advance
1.8. (Kriiss GmbH) were used to perform the analysis. A total
of 2 uL. droplets of distilled water were placed at a speed of
2 ul/s on the test surfaces (n =10 droplets on each sample).
The dimension of the samples was 50 mm X 10 mm X 1 mm.

24 | Cell culture

Mammalian osteoblasts of cell line subclone of the human
osteosarcoma cell line-2 (SAOS-2) (DSMZ, Braunschweig)
were used for evaluating in vitro cytotoxicity of the different
PEEK modifications, as well as in vitro cell proliferation on
2D and 3D manufactured and modified PEEK structures.
Cells were cultured in Mc Coy's 5 A modified medium (w
2.2g/l NaHCO3), supplemented with 10.9% fetal bovine
serum (FBS) (Thermo Fisher Scientific), 2.44% NaHCO3,
1.12% 1-Glutamine, 1% Penicillin-Streptomycin (Sigma-
Aldrich), and 1% Amphotericin B (Sigma-Aldrich), and
incubated at 37°C and 10% CO,-atmosphere.

2.5 | Eluate cytotoxicity tests

Eluate testing was performed according to the standard DIN
EN ISO 10993. For each eluate, three parallelepipeds were
incubated in the cell culture medium (see Section 2.4) for
72 h at 37°C and 10% CO2-atmosphere. Cells were seeded in
five wells of a 96-multiwell plate at a density of 5000 cells/
cm? (i=5 of 96 multititer wells) for the eluate testing.
Subsequently, the seeded cells were incubated in the cell
culture medium for 24 h. After the completion of the 24 h
incubation process, cells were inoculated with the eluates
and incubated for a further 72 h. Afterward, a cell counting
kit-8 assay was performed by measuring mitochondrial cell
activity via the water-soluble tetrazolium-8 (WST-8) assay
(Dojindo Molecular Technologies Inc.). According to the
manufacturer's instructions, a WST-8—cell culture medium
solution (ratio 1:11) was put on the cells and incubated for
1 h. To evaluate the proliferation rate, the solution was read
in a Multiskan FC Microplate Photometer (Thermo Fisher
Scientific Inc.) at 450 and 620 nm. Cell culture medium and
control copper eluate were used as negative (=100%) and
positive controls, respectively.

2.6 | 2D proliferation tests

For the 2D proliferation tests, SAOS-2 osteoblasts were
seeded with a density of 5000 cells/cm?2 on the bottom of the
additively manufactured well (n = 3 for each SM), where the
cells were allowed to grow. After 7 days of incubation at
37°C and 10% CO,-atmosphere, the WST-8 assay (Dojindo
Molecular Technologies Inc.) was performed according to
the manufacturer's instructions. The WST-8-cell culture
medium solution (ratio 1:11) was put on the cells and
incubated for 1h. To evaluate the proliferation rate, the
solution was put in additional multititer wells (n = 4 wells)
and read in the Multiskan FC Microplate Photometer
(Thermo Fisher Scientific Inc.) at 450 and 620 nm. As
control groups, 96-well multititer wells with cell repellent
coatings (Greiner Bio One International GmbH) as well as
multititer wells generally used in cell culture were,
respectively, defined as negative and positive (=100%)
controls. Using the measured adsorption values, the
proliferation rates were evaluated relative to the confluent
positive control and normalized by each seeded cell density.

2.7 | 3D proliferation tests

To evaluate the cell proliferation, samples were first
deposited in multititer wells filled with cell culture medium.
Afterward, cells were seeded with a density of 1768, 872, and
913 osteoblasts/cm? for structures A, B, and C, respectively.
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For all, the structures were incubated for 7, 14, and 21 days
at 37°C and 10% CO,-atmosphere. Every 7 days and
immediately before the proliferation tests, the structures
were moved into a new well with fresh cell culture medium
to quantify only adherent cells. Cell proliferation was
evaluated by using the tetrazolium salt WST-8. According
to the manufacturer's instructions, a WST-8-cell culture
medium solution (ratio 1:11) was put on the cells and
incubated for 1 h. Multititer wells with cell-repellent coatings
were defined as negative control. As a positive control, cells
were seeded in a generally used multititer well to be
confluent after 7 days. For both control groups, a density of
5000 osteoblasts/cm? was used. Using the measured adsorp-
tion values, the proliferation rates were evaluated relative to
the confluent positive control (=100%) after 7 days of
incubation and normalized by the seeded cell density.

Furthermore, phase contrast microscopy of the
multititer wells with removed macrostructures was used
to qualitatively evaluate the effectiveness of the 3D
structures and SMs concerning the influence on cellular
adhesion and proliferation.

2.8 | Statistical analysis

For all evaluations, a minimum number of three samples
was used. Statistical analysis was performed using Origin
2019 (OriginLab, Corp.). Statistical significance was
identified using an independent two-sample ¢ test, and
for the 3D proliferation tests, one-way analysis of variance
(ANOVA) with Tukey's multiple comparison method was
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used. For all tests, a p-value <0.05 (*, O resp. A) was
considered as significant. The results of the experiments
were represented using box plots. For the box plots, the
median (central line), the first and third quartile (box), and
the upper and lower whiskers are illustrated.

3 | RESULTS

3.1 | Wettability

The results of the contact angle measurements showed
an average value of 90° for SMO, an indication that the
surface of the 3D-printed PEEK samples without any
treatment was hydrophobic (Figure 1a). All SMs signifi-
cantly lowered the contact angle. The average contact
angles were 49° + 12°, 56° + 4°, 64° + 8°, and 55° + 4° for
SM1, SM2, SM3, and SM4, respectively.

3.2 | Eluate cytotoxicity tests

Results of cytotoxicity tests are detailed in Figure 1b,
including the control copper eluate. All tested samples
presented a proliferation higher than 70%, the limit value
for cytotoxic behavior according to DIN EN ISO 10993.
However, all modified surfaces showed significantly lower
proliferations than the one on untreated PEEK with values
of 91%, 91%, 87%, and 96%, respectively, for SM1, SM2,
SM3, and SM4. For SM1, some flakes were observed with
phase microscopy.

(b)110] ! ' ' ! -
100—_ @ * ; ]
0] T E= e -
=
70 ]
60 4 ]
40
30
20
10
0
-10 | __sooum |

SMO SM1 SM2 SM3 SM4

rel. Proliferation in %

——a
Copper

Surface modification. (a) Contact angle measurements on the treated surfaces. (b) SAOS-2 cell proliferation on the treated and

untreated surfaces, the copper control eluate, and a microscopic image of the SM1 eluate with flakes. For cytotoxicity, the proliferation was
determined relative to confluent cells inoculated with cell culture medium (negative control = 100%). A relative proliferation smaller than 70%

indicates a cytotoxic behavior. *represents statistical significance (p < 0.05). SAOS-2, subclone of the human osteosarcoma cell line-2.
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3.3 | 2D proliferation test

In the 2D proliferation tests, cell proliferation rates after
7 days of incubation were higher on modified surfaces
than on untreated ones (see Figure 2). On untreated SMO
control samples, proliferation rates of 12% were mea-
sured. SM1 showed the highest proliferation values with
28%, while SM2 and SM3 samples had similar

30 B

20 *

: =

rel. Proliferation in %
1

T T T T T
SMO SM1 SM2 SM3 SM4

FIGURE 2 Relative proliferation of two-dimensional (2D)
surface polyetheretherketone (PEEK) parts. Proliferation rates were
determined relative to confluent cells grown in a generally used
multititer well after 7 days of incubation (positive control = 100%).
Compared with SMO, stars (*) are considered to represent statistical
significance (p < 0.05).

(a)

Structure A B C

Fill Pattern Rectilinear Gyroid Gyroid

Surface Area

5 22.63 16.05 17.52

[cm?]

Pore Size

[km] 409.70 1108.21 697.32
+41.33 +99.89 +70.87

proliferation rates of about 16%, and SM4 showed 18%.
All SMs caused a significant increase in proliferation
rates compared with SMO controls.

3.4 | 3D proliferation tests on
structured PEEK

The porous structures with various infill patterns and
therefore different available surface areas for the cell
attachment and proliferation (see Figure 3a) were
investigated: rectilinear (structure A) and gyroid (struc-
tures B and C). For the gyroid structures, different pore
sizes were evaluated.

In Figure 3b, the results of the 3D cell proliferation
tests as well as the influence of PEEK surface macro-
structures on cellular behavior are illustrated. All
structures showed an improvement in cell proliferation
dependent on the incubation time—the longer the
incubation, the higher the proliferation. The highest
cellular proliferation was observed for structure C at Day
7, 14, and 21, with a value of 76% reached at day 21.

3.5 | 3D proliferation tests on structured
and modified PEEK

Figure 4 illustrates the impact of the combination of
previously evaluated SMs (SM1-SM4) with the different
3D structures (A, B, and C) on cellular proliferation.

(b) 7o

-

o
o
I
[a]

3%
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s

3
3%
3%

rel. Proliferation in %
N
o
|
»
*
o
e
JRoatototolo%s
RS
*
g
&

20

10-{ B4

0
7 days ‘ 14 days ‘ 21 days

Incubation Time

[T structure A | Strucure B 2229 Structure C|

FIGURE 3 Three-dimensional (3D) surface structures. In (a), different surface structures of polyetheretherketone (PEEK) are shown. The
evaluated structures were 0°/60°/120°/-60°/-120° with a pore size of 409.70 + 41.33 um (a) and gyroid with pore sizes of 1108.21 + 99.89 um (b)
as well as 697.32 + 70.87 um (c), determined using uCT. In (b), the results of the three-dimensional (3D) cell proliferation tests on untreated
PEEK structures a, b, and c are illustrated. For the cellular tests, the proliferation rates were determined relative to confluent cells grown in a
generally used multititer well after 7 days of incubation (positive control = 100%) and normalized by each seeded cell density. * is considered as
statistical significance (p < 0.05) between the surface modifications for each time point. O represents statistical significance between the
proliferation rates for each modification at different time points: between Day 7 and 14, as well as Day 7 and 21 of incubation. Comparing the
proliferation rates of each modification after Day 14 and 21, statistical significance is marked with A. uCT, micro-computed tomography.
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FIGURE 4 Cell proliferation on the modified three-dimensional (3D) polyetheretherketone (PEEK) structures A, B, and C. Here, the
proliferation rates were determined relative to confluent cells grown in a generally used multititer well after 7 days of incubation (positive control =
100%) and normalized by each seeded cell density. Compared with SMO, * is considered as statistical significance (p < 0.05) for each time point.
O represents statistical significance between the proliferation rates for each modification at different time points: between Day 7 and 14, as well as
Day 7 and 21 of incubation. Comparing the proliferation rates of each modification after Day 14 and 21, statistical significance is marked with A.

Compared with the 2D proliferation tests on flat
modified PEEK samples, structure C is the only 3D structure
that increased proliferation rates for each evaluated SM.
Here, structure C led to the highest determined proliferation
rates for each of the modifications.

For all structures, except structure B at day 21, the
modifications improved cell proliferation compared with
untreated PEEK. With increasing the incubation time, an
improvement in proliferation rates is observed. For
structure A, cell proliferation reached average values of
50% for the modified samples. Test specimens of
structure B presented for all surfaces after 21 days with
approximately 40% cell proliferation. Even after 14 days
of incubation, structure C had proliferation rates around
100% for most SMs. The highest evaluated proliferation

rates were found for structure C and SM4 after 14 days of
incubation.

Phase contrast microscopy showed for all SMs for
structure B a large quantity of adherent cells at the
bottom of the multititer wells. Compared with that, a
lower quantity was found for structure A and even less
for structure C. In the cell culture medium supernatants
of SM1 samples, some flakes were detected.

4 | DISCUSSION

PEEK is an attractive material for bone replacement due to
its advantages such as biocompatibility, compatibility with
screening techniques, and similar mechanical properties to
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that of human bones under tensile compressive loads.
Nonetheless, its bioinert character restricts its usage as bone
implant material. In this study, we explored the improvement
of bioinert, additively manufactured PEEK due to various
SMs and structures as well as the combination of both.

41 | Wettability
SMO, with a contact angle near 90° is assumed not to be
optimal for osseointegration due to its low wettability.
Compared with SMO, all evaluated SMs improved the
wettability of PEEK. SM1 showed, beside SM4, the highest
wettability.

The improvement of SM1 is caused by TiOx, which forms
stable hydroxyl groups that lead to an attractive interaction
with water molecules, resulting in a super hydrophilic
surface.[”**’ Mixing with hydrophobic SiOy results in a
contact angle between those of super hydrophilic TiOx and
hydrophobic SiOy.*” The high standard deviation might be
due to coating instability. Spalling is seen in the cell culture
medium, caused by either weak binding of the coating to the
PEEK surface or degradation of the coating itself during
incubation in the cell culture medium.

The hydrophilic character of SM2 is caused by the
formation of polyethylene oxide (PEO)-like thin films
resulting from the plasma polymerization of diglyme.[**3!!

The enhanced wettability of SM3 samples is assumed to
be attributed to the positively charged amino groups that
mediate the hydrophilic properties of the surface. The SM4
modification of PEEK leads to hydroxyl groups on the
surface. As evaluated by Marchand-Brynaert et al.'*? this
kind of surface is more attractive for water, as compared
with TiO.

The positive effect of PEG surfaces as well as the surface
functionalization with amino- and hydroxyl groups was
reported by Noiset et al.,!'>! where PEEK was modified with
the same substrate but through selective wet chemistry. In
their study, functionalization with amino groups led to a
moderate wettability, while PEG and hydroxyl groups
showed a hydrophilic character with even better wettability.

Overall, these results indicate that wettability can be
largely improved via SMs, which is expected to enhance
cellular proliferation. A hydrophilic implant leads to better
wetting in physiological fluids. The hydrophilic character of
the modified surfaces tends to resist the adsorption of
proteins, followed by cell attachment on the surfaces.*

4.2 | Eluate cytotoxicity tests

According to DIN EN ISO 10993, a reduction of cell
proliferation below 70% compared with the blank sample

is classified as cytotoxic. Thus, none of the SMs showed
cytotoxic effects. However, the observed flaking of the
SM1 coating in the eluate is not desirable since this could
lead to fibrous encapsulation in vivo.

4.3 | 2D proliferation tests

Compared with SMO, all modifications led to significantly
better cell proliferation on flat surfaces after 7 days of
incubation. Similar results were demonstrated by Rapp et al.
and Buxadera-Palomero et al’**! Besides wettability,
properties like surface chemistry, Young's modulus, topogra-
phy, and surface roughness might cause enhanced cell
proliferation.**** The positive effect of TiOx/SiOy coatings,
like SM1, on cell proliferation was also demonstrated by
Rapp et al*®! The mixture of TiOx and SiOy is generally
known as hydrophilic, mechanically stable, biocompatible,
and antimicrobial. Furthermore, silicon oxide layers are
known to support cell growth.['®°!

An influence similar to that of SM2 was observed in
studies of Buxadera-Palomero et al!** They detected a
correlation between wettability and protein adsorption on
PEO coatings and demonstrated that the adsorption of the
cell adhesion-inhibiting protein albumin was lowered on the
PEG. This phenomenon might explain the improved cell
attachment on SM2. Pan et al.*® furthermore showed that
plasma-deposited tetraethylene glycol dimethyl ether pro-
vides a PEG-like coating exhibiting nonfouling properties,
stability in aqueous environments, resistance to ethanol
sterilization, and reduced nonspecific protein adsorption. In
addition, the good coating stability detected by Kane et al.l*”
showed the suitability of PEG-coatings for cell attachment in
tissue engineering due to their hydrophilic nature, which
reduces nonspecific protein adsorption, facilitates lubrication,
and enhances cell spreading and attachment on various
surfaces.

The effects of SM3- and SM4-like coatings were also
evaluated by Lee et al. and Bozzini et al.’**°! An
enhanced cell proliferation by functionalized surfaces
with amine- and hydroxyl groups on different basic
materials was demonstrated, supposedly due to the
hydrophilic character of the surfaces.*® It is assumed
that SM3 and SM4 coatings lead to a positive surface
charge of the samples, and since most cell and protein
surfaces are negatively charged, an electrostatic interac-
tion promoting cell adhesion on the sample surfaces can
be expected.[***!] Boespflug et al. also detected the
positive influence of N-rich surfaces on both cell adhesion
and growth.[*?!

Our assumption, that the enhancement of cellular
proliferation is due to improved wettability, was sup-
ported by the results of the 2D cell proliferation tests,
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where all tested SMs caused improved proliferation rates
compared with unmodified SMO.

4.4 | 3D proliferation tests on
structured PEEK

As seen in the results of the 3D cellular testing on SMO
(Figure 3b), structuring and porosity had a high influence on
cell proliferation. The literature points out that 3D structures,
that is, parts with high porosities, improve cellular in-
growth.>***I This was also seen in our study by comparing
the 3D cellular evaluations with the 2D surface proliferation
tests after 7 days of incubation in wells with various
structures and pore sizes. When comparing to 2D surface
proliferation tests, the influence of the pore size and porous
structure®*! is evident. Structure C is the only surface
topology that showed significantly higher cellular prolifera-
tion rates than the other samples.

After 7, 14, and 21 days of incubation, our results suggest
that gyroid structure C is the most promising of the
evaluated macrostructures for osseointegration. Zaharin
et all*! also demonstrated promising results of porous
scaffolds, using gyroid structures with characteristics similar
to natural bone, and Spece et al. reported a positive influence
of gyroid structures on cellular ingrowth as well.>>*”! The
pore size of their PEEK structures (669 + 216 um™*”! as well
as 708 + 64 um!®*!) caused an obvious improvement in cell
proliferation after 7 and 14 days of incubation, compared
with unstructured PEEK parts.

As seen qualitatively by microscopic inspection, most
adherent cells were detected at the bottom of the wells
with structure A. Based on De Wild et al., who showed in
their studies®**®! that a pore size above 500 um had a
positive influence on cellular behavior, we expect that
the rectilinear structure (structure A) is not as good as
gyroid for supporting proliferation and thereby osseoin-
tegration. Similar studies of Spece et al.*>*’! demon-
strated a significant influence of gyroid surface topology.
Furthermore, pore size appears to influence cellular
adhesion, whereby structure C with a smaller pore size
(structure  B: 1108.21 + 99.89 pm, structure C:
697.32 +70.87 um) showed fewer adherent cells on the
bottom of the well. This is in line with Spece et al., who
also detected promising proliferation rates with compa-
rable pore sizes.!*’!

4.5 | 3D proliferation tests on structured
and modified PEEK

As seen in the 2D in vitro evaluation, the 3D proliferation
tests showed even after 7 days of incubation that all
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modifications tested improved cellular proliferation,
compared with the unmodified SMO. As already men-
tioned in the 2D proliferation tests, this could be caused
by the enhanced capillary effect as a consequence of SM.

The synergistic effect of the structures in combination
with SMs caused better results than structuring and
modification separately. The structuring, in combination
with the chemical SM, opens up promising possibilities
for improved osseointegration. Of all the different types
of modification, structure C showed the highest prolifer-
ation rates, illustrating the importance of SM of bioinert
materials as well as the pore size and the type of porous
structure.”®! After 14 days of incubation, nearly the
whole modified structure is covered with SAOS-2
osteoblasts for all SMs. However, the highest prolifera-
tion rates (100.7%) were found on SM1 and SM4 after 14
days of incubation.

The flaking of SM1, detected in cytotoxicity assays,
might be attributed to the low adhesive strength of the
coating due to a less ideal layer thickness or occurrence
of voids. Thus, SM1 coating is to be improved to enhance
stability and homogeneity and to prevent complications
like inflammation, allergic reactions, or fibrous
encapsulations.

Overall, the highest cellular proliferation was
achieved with the combination of structure C and SM4
coating after 14 days of incubation.

Wettability plays an important role in osseointegra-
tion,?>*! and this was clearly supported by our results of
the 2D and 3D cell proliferation tests. All surfaces with
increased hydrophilic properties showed improved cell
proliferation compared with the rather hydrophobic
untreated PEEK samples.

5 | CONCLUSIONS

In our study, the surfaces of additively manufactured
PEEK parts were modified with plasma-enhanced coat-
ings as well as porous structuring, and for the very first
time, the combination of both methods for 3D-printed
PEEK samples was evaluated. For SM, TiOx/SiOy and
PEG/PEO coatings as well as functionalization with
amino- and hydroxyl groups were investigated. No SM
showed cytotoxic effects on SOAS-2 osteoblasts according
to the standard DIN EN ISO 10993 cytotoxicity tests. We
demonstrated improved cellular activity on a modified
2D PEEK surface compared with pure PEEK. 3D
structures of PEEK surfaces were tested, documenting
the influence of design and pore size. Gyroid structures
appear to have better effects on cell growth and viability
compared with rectilinear structures for osseointegra-
tion. A gyroid pore size of approx. 697.32 um showed
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after 7 days of incubation a higher cell viability as on flat
2D PEEK samples. After 14 days of incubation, the entire
surface of the structured PEEK samples was covered with
SAOS-2 osteoblast cells. In addition, the combination of
SM and porous structures showed further enhancement
of cell growth and osseointegration. PEEK with gyroid
surface structure with a pore size of 697.32 + 70.87 um
and combined with hydroxyl group functionalization
showed the best results. In general, our results demon-
strated a strong correlation between wettability and cell
proliferation. All tested SMs showed improved contact
angles and caused increased cell proliferation, and thus
will lead to improved osseointegration of modified PEEK
implants.
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