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lished PEEK samples. Scanning electron microscopy (SEM) and a profilometer were used to
determine the microstructure and roughness of the sample surfaces. The wettability of the
sample surface was assessed using a drop shape analyzer (DSA) after plasma treatment
and at various time points following storage in a closed environment. Cell adhesion, me-
tabolic activity, proliferation, and osteogenic differentiation of SAOS-2 osteoblasts were
evaluated to determine the in vitro osteogenic activity.

Results: SEM analysis revealed that several spherical nanoscale particles and humps ap-
peared on sample surfaces following plasma treatment. The wettability measurement
demonstrated that plasma surface treatment significantly increased the surface hydro-
philicity of PEEK samples, with only a slight aging effect found after 21 days. Cell adhesion,
spreading, proliferation, and differentiation of SAOS-2 osteoblasts were also up-regulated
after plasma treatment. Additionally, PEEK samples treated with O, plasma demonstrated
a higher degree of bioactivation than those treated with Ar.

Significance: Plasma-modified PEEK based on FFF 3D printing technology was a feasible and

prospective bone grafting material for bone/dental implants.
© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Academy of Dental

Materials.
CC_BY_NC_ND_4.0

1. Introduction

Polyetheretherketone (PEEK) is a high-temperature thermo-
plastic used as a bone reconstruction material for cranio-max-
illofacial and orthopedic surgeries [1-3]. In dental applications,
PEEK is gaining attracting attention as dental implants and
prostheses [4]. This polymer is a semi-crystalline material with
high thermal stability, mechanical properties, good chemical,
and sterilization resistance [5,6]. In addition, PEEK exhibits good
biocompatibility, non-toxicity and is radiolucent with magnetic
resonance imaging compatibility [7-11]. In contrast to metals
such as titanium (Ti), PEEK has a relatively low elastic modulus
(Ti: 102-110 GPa; PEEK: 34 GPa), which is closer to human cor-
tical bone (14 GPa) [2,12]. This characteristic property helps to
reduce the stress shielding effect at the bone-implant interface,
thereby minimizing implant loosening and peri-implant bone
loss [13]. Despite many advantages, PEEK is bioinert with low
surface energy, promoting fibrosis formation and hindering it
from binding to bones [14]. The fibrous tissue formation around
PEEK implants is due to reduced osteoblastic differentiation of
progenitor cells and production of an inflammatory environ-
ment that favors cell death via apoptosis and necrosis [15]. This
surface inertness does not account for appropriate interfacial
bioactivity [16]. Thus, proper strategies should be identified to
improve the bioactivity of PEEK to realize its potential benefits.
Several surface modification strategies have been carried
out to activate PEEK implant surfaces to enhance osseointe-
gration properties through coatings and direct surface treat-
ments [17-19]. Various materials have been deposited on the
surface of PEEK, including hydroxyapatite (HA), Ti, and tita-
nium dioxide (TiO,), and a significant increase in bioactivities
of PEEK materials could be detected after applying these
bioactive coatings [20,21]. However, the load-bearing capacity
was reduced with HA as the fatigue-life of HA-coated PEEK
was dependent on HA content and applied load [22]. Al-
though this drawback was not noted with Ti, the clinical
success of these coatings may be limited due to their poten-
tial instability and delamination in physiological or surgical
environments [23]. Besides applying coatings, one important

direct surface treatment is plasma surface treatment, which
provides an alternative to traditional methods by wet che-
mical cleaning, cross-linking, and etching [4,24]. This treat-
ment is economical that does not alter PEEK bulk properties.
Previous studies data indicate that activation of PEEK with
plasma treatment results in improved in vitro cell adhesion,
proliferation, osteoblast differentiation, and in vivo bone-
implant interface stability and osseointegration compared to
the pristine PEEK. [9,13,25,26]. However, the hydrophilic sur-
face generated by plasma treatment is temporary. After a few
hours to a few days of exposure to ambient air, the functio-
nalized surface created by plasma treatment might be buried
beneath the polymer surface. Therefore, the method of
storing plasma-treated samples is critical for medical im-
plants. Besides, most previous studies utilized polished PEEK
as a substrate fabricated with traditional manufacturing
processes, e.g., injection molding, to analyze the effects of
plasma treatment. Tailoring effects of plasma treatment on
3D printed PEEK implants is still unknown.

In the last few decades, additive manufacturing (AM, also
known as 3D printing) has become an essential technology
for fabricating medical implants with complex geometries
[27]. The outstanding advantage of AM is the ability to form
shapes that cannot be formed with traditional manufacturing
methods. Avoiding design constraints, mass customization,
and lesser waste generation are hallmarks of AM [28]. Due to
the ability to fabricate customized products quickly, 3D
printing is increasingly utilized in medical applications to
fabricate patient-specific implants [29,30]. Among different
3D printing technologies, fused filament fabrication (FFF, also
called fused deposition modeling, FDM) is one of the most
popular and fastest-growing technologies [31,32]. 3D printing
of PEEK using FFF is a recent technology that allows fast, cost-
effective, and in-house fabrication of PEEK implants [33,34].
Due to the layer-by-layer fabrication mechanism in FFF, 3D
printed PEEK implants exhibit a specific surface topography,
in contrast to the smooth surface of the injection-molded or
milled traditional PEEK implants [35]. Our previous work re-
ported the feasibility of characteristic surface topographies
comprising roughened surfaces and anisotropic printing
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structures (peaks and valleys) on FFF 3D printed PEEK im-
plants [8,12]. These surface topographies, integral to the FFF
fabrication mechanism, can play an essential role in stimu-
lating the bioactivity potential of FFF 3D printed PEEK im-
plants [8,12]. Therefore, investigating the impact of plasma
surface treatment on the biological behavior of 3D printing
PEEK materials is a promising method for fully utilizing the
benefits of PEEK materials and 3D printing technologies and
the production and design of new bone reconstruction ma-
terials.

In the present work, FFF 3D printed PEEK samples were
oxygen (O,) and argon (Ar) plasma-treated to determine
surface activation conditions for cell adhesion, spreading,
metabolic activity, proliferation, and differentiation. To re-
duce the aging effect associated with plasma surface treat-
ment and to extend the use of plasma modification in bone
scaffolds, we stored plasma-treated samples in a closed en-
vironment and measured the surface wettability at various
time points. We hypothesize that plasma treatment can be
successfully applied to FFF 3D printed PEEK implants and
holds relative importance for suitable in vitro osteogenic and
biologic responses.

2. Materials and methods
2.1. Specimen fabrication

A total of 288 biomedical grade disk PEEK standard samples,
with dimensions of 14 mm diameter and 2 mm thickness,
were fabricated using an FFF 3D printer (Apium P220, Apium
Additive Technologies GmbH, Karlsruhe, Germany). Table 1
lists the printing parameters used for the fabrication process.
The filament used was a medical-grade PEEK 3D filament
(Evonik VESTAKEEP®i4 G resin, Evonik Industries AG, Essen,
Germany, Table A.1). Prior to printing, a special fixative spray
(DimaFix, DIMA 3D, Valladolid, Spain) was applied on the
print bed to achieve adequate adhesion of samples. Later, the
FFF 3D printed PEEK samples were further divided into two
groups: without polishing and with polishing. For the po-
lished group, specimens were modified with a grinding ma-
chine (Buehler, Coventry, UK) using series of SiC abrasive
papers with an increasing grit number (P1200, P2500, and
P4000, Buehler, Lake Bluff, IL, USA). Table A.2 shows the
thickness of FFF 3D printed PEEK before and after polishing
(n =5 per group).

2.2. Plasma treatment

Before plasma treatment, PEEK samples were ultrasonically
cleaned with distilled water and 70% ethanol (15 min for
each) and then dried with nitrogen for 20 s. To activate PEEK
samples, argon (Ar) and oxygen (O,) plasma treatments were
used (DENTAPLAS PC, Diener electronic GmbH, Ebhausen,
Germany). PEEK specimens were placed on a metal drawer in
the plasma chamber. Subsequently, the chamber was evac-
uated and flushed with Ar and O, gases, respectively. A
15 min plasma treatment duration was chosen based on
previous publications [36,37]. Other parameters were as fol-
lows: pressure: 100 Pa, distance: 50 mm, power output: 100 W,

Table 1 - Printing parameters of FFF 3D printed PEEK.

Printing parameters Value

Layer thickness 200 pm
Nozzle diameter 0.4 mm
Printing speed 2000 mm/min
Raster angle + 45°/-45°
Print head temperature 480 °C

Print bed temperature 130 °C

frequency: 40 kHz, and flow rate: Ar: 51 sccm; Oy 16 sccm.
Fig. 1 exhibits the group classification and experimental
process. Fig. A.1 shows the FFF 3D printed and polished PEEK
samples before and after plasma treatments. Before con-
ducting the subsequent experiments, all PEEK specimens in
each group were ultrasonically cleaned and sterilized with
70% ethanol (15 min), then dried in a sterile workbench
(Heraeus, Hanau, Germany) for 20 min

2.3. Surface characterization

Surface microstructures on FFF 3D printed and polished PEEK
sample surfaces (n=2 per group) were investigated with
scanning electron microscopy (SEM, LEO 1430, Zeiss,
Oberkochen, Germany) at a magnification of 10,000 x, both
before and after Ar and O, plasma treatments. Before surface
observation, PEEK specimens were coated with Au-Pd (20 nm)
(SCD 050, Baltec, Liibeck, Germany).

Surface roughness of 3D printed and polished PEEK before
and after plasma treatment was analyzed by a profilometer
(Perthometer Concept S6P, Mahr, Gottingen, Germany, n=4
per group, test area: 3mmx3mm, test profiles: 121). 3D
roughness parameters of arithmetic mean height (Sa) and
root mean square height (Sq) were calculated by the corre-
sponding software (MountainsMap Universal 7.3, Digital Surf,
Besancon, France).

The surface wettability of PEEK specimens in different
groups (n=4 per group) was evaluated by determining the
water contact angle (WCA) using a contact angle goniometer
(Drop shape analyzer (DSA) 10-Mk 2, Kruess, Hamburg,
Germany). Sessile drops of 2pl ultrapure water were de-
posited on the PEEK samples’ surfaces. After 20 s wetting, the
contact angle was analyzed using the DSA calculation soft-
ware (version 1.90.0.11, Kruess, Hamburg, Germany). To
evaluate the aging on PEEK substrates after plasma treat-
ment, samples were stored in a 24-well plate (Cluster,
Corning, Tewksbury, MA, USA) under room temperature. The
WCA was measured at 0, 1, 3, 7, 14 and 21 d, respectively. To
reveal any influence of the sterilization process on the water
contact angle, the WCA values were measured following
plasma treatment and subsequent sterilization with 70%
ethanol.

2.4. In vitro biological test

2.4.1. Cell culture

A human osteosarcoma cell line (SAOS-2 osteoblast, DSMZ
GmbH, Braunschweig, Germany) was used for in vitro eva-
luation of cell adhesion, proliferation, and osteogenic
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Fig. 1 - Schematic graph of grouping and experimental process. FFF-PEEK: FFF 3D printed PEEK; P-PEEK: polished PEEK; FFF-
Ar-PEEK: FFF 3D printed PEEK treated by Ar plasma; FFF-O,-PEEK: FFF 3D printed PEEK treated by O, plasma; P-Ar-PEEK:
polished PEEK treated by Ar plasma; P-O,-PEEK: polished PEEK treated by O, plasma; SEM: scanning electron microscopy;

ALP: alkaline phosphatase activity; ARS: alizarin red staining.

differentiation potential. SAOS-2 osteoblasts were suspended
in McCoy’s 5 A medium (Sigma-Aldrich, Steinheim, Germany)
supplemented with 15% fetal bovine serum (FBS, Life
Technologies Co., Carlsbad, CA, USA), 1% r-glutamine
(GlutaMAX, Life Technologies Co., Carlsbad, CA, USA) and 1%
penicillin and streptomycin (15140-122, Life Technologies
Co., Carlsbad, CA, USA). The cells were cultured in a cell in-
cubator at a culturing temperature of 37 °C in an atmosphere
of 5% CO, and 95% humidity. The culture medium was
changed 24 h after seeding and was renewed twice a week.
Prior to each test, sterilized PEEK disks were fixed on the
bottom of a 24-well cell culture plate with sterile wax to avoid
floating. All the biological tests were performed at least two
times in independent experiments.

2.4.2. [Initial cell adhesion
The inoculating density of SAOS-2 osteoblast cultured onto
PEEK sample surfaces was 250,000 cells/ml in 1.2 ml McCoy's
5 A supplemented medium (n =4 for each group). After a4h
culturing time, cell adhesion on PEEK sample surfaces was
measured by crystal violet staining. As there is a linear cor-
relation, cell numbers can be indirectly determined by
quantifying the optical density of the re-solubilized dye.
After 4h incubation, the PEEK samples from each well
were rinsed with 500 pl Hank’s balanced salt solution (HBSS,
Biochrom AG, Berlin, Germany) to remove loosely attached
cells. Next, the adhered cells were fixed with 500 pl 3% par-
aformaldehyde solution (MERCK, Darmstadt, Germany) in

Dulbecco’s phosphate-buffered saline (DPBS, without calcium
and magnesium, Gibco, Paisley, UK) for 15min. Then, each
sample was stained by 500 pl crystal violet dye for 15min
(Sigma-Aldrich, St. Louis, USA). After staining, each sample
was rinsed with 500pl distilled water five times.
Subsequently, the PEEK disks were photo-documented by a
microscope (M400, Wild Heerbrugg, Gais, Switzerland)
equipped with a digital camera (EOS 500D, Canon, Tokyo,
Japan). Afterward, the crystal violet dye on each sample
surface was solubilized with 600 pl pure methanol (MERCK,
Darmstadt, Germany) for 30 min. An ELISA reader measured
the optical density (OD) values at 550nm (Tecan Austria
GmbH, Grodig, Austria). The mean OD values of the back-
ground controls were subtracted from the corresponding
groups.

2.4.3. Cell morphology and viability

A density of 50,000 cells/ml of SAOS-2 was inoculated on the
sample surfaces from various groups (n=3 per group) to
observe cell morphology and viability. After 24 h incubation,
cell attachment and spreading were determined by the SEM.
Before observing, the adherent cells on the sample surfaces
were fixed with 2% glutaraldehyde solution at 4°C for 24h
and dehydrated using severe ethanol concentrations solution
(30%, 40%, 50%, 60%, 70%, 80%, 90%, 96%, and 100%, 15 min
for each concentration). Then the samples were further de-
hydrated by critical point drying (E3100, Quorum
Technologies, Laughton, UK) with liquid CO,. Before SEM
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evaluation, PEEK sample surfaces were spattered with a
20nm thick Au-Pd coating (SCD 050, Baltec, Liibeck,
Germany).

The cell morphology and viability of SAOS-2 osteoblast
were evaluated by live/dead fluorescence staining with a
seeding density of 50,000 cells/ml (n =4 per group). After 24h
incubation, the PEEK samples from each group were rinsed
with HBSS. The staining solution was prepared by mixing
HBSS, 25ug/ml FDA, and 1.25ug/ml EB (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany). After 10 min staining
in darkness, the samples were rinsed with HBSS again and
photo-documented by a microscope (Olympus, Tokyo, Japan)
equipped with a 550D DSLR camera (Canon, Tokyo, Japan).

2.4.4. Cell metabolic activity and proliferation assay

The seeding density of SAOS-2 osteoblast for cell metabolic
activity test was 50,000 cells/ml in 1.2 ml/well McCoy’s 5A
supplemented medium in 24-well plate (n=4 per group).
After culturing for 1, 3, and 5 d, 1.2 ml of the original medium
was removed and replenished with 0.6 ml fresh medium. Cell
metabolic activity was determined by adding 60pul cell
counting kit-8 assay (CCK-8) labeling reagent (Dojindo
Molecular Technologies, Inc., Rockville, MD, USA). After ad-
ditional incubation for 2 h, the supernatant from each well
was transferred to a new 96-well plate (4 wells for each
sample, 100 pl per well). Then, the OD value of the super-
natant was measured spectrophotometrically by the ELISA
reader at 492 nm wavelength with the reference at 620 nm.
Cell proliferation was examined indirectly by measuring the
cell metabolic activity by CCK-8 assay at different time points
(1, 3, and 5 d).

2.4.5. Alkaline phosphatase activity (ALP) assay

The seeding density for the ALP test was 50,000 cells/ml in
1.2ml/well McCoy’s 5A supplemented medium in 24-well
plate (n =4 for each group). On the 4th day of incubation, the
cell culture medium was replaced by an osteogenic inductive
medium (McCoy’s 5A supplemented medium + 10mM g-
glycerophosphate, 4pM dexamethasone, and 100 pMt-as-
corbic acid, Sigma-Aldrich, St. Louis, USA). After an additional
24 h incubation, 1 ml 0.2% lysis solution (TritonX-100, MERCK,
Darmstadt, Germany) was added to each well of the 24-well
culture plate and incubated for 1 h. Before measuring the ALP
activity, a standard concentration curve was made by di-
luting the solution of p-nitrophenol (Sigma-Aldrich, St. Louis,
USA) and NaOH (MERCK, Darmstadt, Germany) with distilled
water (Ampuwa, Fresenius Kabi Deutschland GmbH, Bad
Homburg, Germany). The ALP activity was evaluated by p-
nitrophenyl phosphate (pNPP, Sigma-Aldrich, St. Louis, USA)
using the ELISA reader at 405 nm as a substrate. According to
the manufacturing instructions, the ALP activity value was
normalized by measuring the corresponding content of total
protein by a micro BCA protein assay kit (Pierce, Thermo,
USA). Therefore, the ALP activity was expressed as the cor-
responding protein content (umol formed pNPP/min/mg
protein).

2.4.6. Alizarin red staining (ARS) measurement
Mineralized nodule formation was considered to be an out-
come for osteogenic maturation. In this study, the

mineralized depositions were evaluated by staining with ARS
with a cell seeding density of 50,000 cells/ml (n =4 for each
group). During the cell culture period, the cell medium was
changed twice a week. After 21 d incubation, the SAOS-2 cells
attached to the sample surfaces were rinsed with DPBS two
times and fixed with 3% paraformaldehyde in the DPBS. After
fixation for 30 min, the paraformaldehyde was removed en-
tirely, and cells were rinsed with DPBS three times.
Subsequently, the cells attached to the sample surfaces were
stained with 40 mM ARS (pH = 4.2, Sigma-Aldrich, St. Louis,
USA) under mild shaking in the incubator. After staining for
30 min, the excess ARS was eliminated using distilled water 4
times with gentle shaking. The stained mineralized nodules
on the sample surfaces were photo-documented by photo-
microscopy. Afterward, 0.5M hydrogen -chloride (HCL,
MERCK, Darmstadt, Germany) supplemented with 5% sodium
dodecyl sulfate (SDS, Sigma-Aldrich, St. Louis, USA) was used
to elute the staining for 30 min with mild shaking. The ELISA
reader was used to evaluate the intensity of ARS staining at
405 nm wavelength. The mean OD values of the background
controls were subtracted from the corresponding groups.

2.5. Statistical analysis

Unless otherwise indicated, all the data are expressed as
mean + standard deviations. The software SPSS Version 25
(SPSS INC, Chicago, IL, USA) was used for data analysis.
Before comparing the means, the data distribution and
homogeneity of variances were analyzed using the Shapiro-
Wilk and Levene tests. One-way analysis of variance
(ANOVA) followed by Tukey post-hoc test was used for the
data with normal distribution and homogeneity of variances.
The nonparametric analysis of Kruskal-Wallis followed by
Dunn’s multiple comparisons test was used for the data non-
normality or nonhomogeneity of variances.

3. Results
3.1. Characterization of surface microstructures

Fig. 2 shows SEM images of FFF 3D printed and polished PEEK
with and without plasma surface treatments under
10,000 x magnification. The native FFF-PEEK showed a rela-
tively smooth and homogenous surface. On the other hand,
for native P-PEEK samples, after polishing, the printing
structures inside the PEEK material were disclosed on the
sample surfaces. After Ar and O, plasma treatment, some
spherical nanoscale particles (white spots) appeared on FFF
3D printed and polished PEEK surfaces. Moreover, in both
groups, a combination of micro- and nano-scale hybrid
structures was observed after plasma treatment.

3.2 Surface roughness

Surface roughness and morphology before and after plasma
treatment are illustrated in Fig. 3. The result indicated that
the FFF 3D printed PEEK showed significantly rougher sur-
faces than the polished samples (Sa: FFF-Ar-PEEK: 8.55
+ 1.42pm; FFF-O,-PEEK: 9.26 + 2.44um; FFF-PEEK: 8.72
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Fig. 2 — SEM images of FFF 3D printed and polished PEEK before and after Ar and O, plasma treatment under
10,000 x magnification. (a) FFF-Ar-PEEK; (b) FFF-0,-PEEK; (c) FFF-PEEK; (d) P-Ar-PEEK; (e) P-O,-PEEK; (f) P-PEEK.
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+ 0.83pum; P-Ar-PEEK: 0.72 + 0.14pm; P-O,-PEEK: 1.08

+ 0.42pm; P-PEEK: 0.72 +0.13pm. Sq: FFF-Ar-PEEK:
9.96 + 1.22 pm; FFF-O,-PEEK: 11.23 + 4.00 pm; FFF-PEEK:
10.07 + 0.66 pm; P-Ar-PEEK: 1.64 + 0.85um; P-O,-PEEK:

1.69 + 0.81um; P-PEEK: 1.28 + 0.20um). But within FFF 3D
printed or polished groups, only a slight increase in rough-
ness values could be detected after plasma treatment
without statistical significance (p > 0.05).

3.3. Surface wettability
To evaluate surface wettability, water contact angle (WCA) of
Ar and O, plasma-treated PEEK were measured at different
time points (Fig. 4). Before plasma treatment, FFF 3D printed
and polished PEEK surfaces were both hydrophobic with the
WCA value of 90.4 + 7.4° and 89.5 + 2.5°, respectively. It was
noticed that after Ar and O, plasma treatment, the WCA of
FFF 3D printed and polished PEEK surfaces decreased sig-
nificantly (p < 0.0001, FFF-Ar-PEEK: 35.7 + 13.0°, FFF-O,-PEEK:
25.6 + 8.8°, P-Ar-PEEK: 41.1 +7.3°, and P-O,-PEEK:
38.0 + 3.1°). As the storage time increased, the WCA showed
a gentle increase with a final stable value below 60° after 21 d.
The effect of the sterilization process on the WCA values
after plasma treatments is shown in Fig. A.2. The results re-
vealed that ethanol sterilization significantly increased contact
angles in both Ar and O, plasma-treated samples (p < 0.0001,
before sterilization: FFF-Ar-PEEK: 1.1 + 2.1°, FFF-O,-PEEK:
1.5 + 2.9°, P-Ar-PEEK: 1.8 + 3.6°, and P-O,-PEEK: 1.2 + 3.4°).

3.4. Initial cell adhesion

Initial cell adhesion is always deemed a marker for cell
functions, influencing cell proliferation and in vivo bone in-
tegration. To better understand the initial cell viability, cell
attachments on PEEK sample surfaces after 4h incubation
were detected by crystal violet staining (Fig. 5). For FFF 3D
printed PEEK, the samples treated with Ar and O, plasma
indicated an increase in cell density than the native FFF-
PEEK, especially for the O, plasma-treated group (p < 0.05).
As for the polished samples, there was no significant differ-
ence in cell adhesion before and after plasma treat-
ment (p > 0.05).

3.5. Cell morphology and viability

The SEM result of SAOS-2 osteoblast morphology, spreading,
and intercellular connections were presented in Fig. 6. Before
plasma surface treatment, the cells attached to the un-
modified PEEK surfaces were sparse and showed a round
morphology with a few pseudopodia. After Ar and O, plasma
surface treatment, a significantly higher cell density on PEEK
sample surfaces could be detected (FFF 3D printed groups: Ar
and O p < 0.001, polished groups: O,: p < 0.05). Besides, the
cells attached to the plasma-treated PEEK spread better
compared with the unmodified samples with a fusiform and
flat morphology. The SAOS-2 osteoblast displayed more
visible pseudopodia for the plasma-treated PEEK samples.
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Fig. 5 - The qualitative and quantitative result of initial cell adhesion after 4h incubation. The microscopic images indicate
the stained SAOS-2 cells attached to the sample surfaces after 4 h incubation with a seeding density of 250,000 cells/ml under
7 x and 32 x magnification. The relative initial cell adhesion referred to the FFF-PEEK group, and the reference native FFF-
PEEK was set to 100%. The data is represented in means + standard deviations, *p < 0.05.

Fig. 7. shows the fluorescence microscopy images of cell
viability, attachment, and spreading for the FFF 3D printed
and polished PEEK groups before and after plasma surface
treatment. After Ar and O, plasma treatment, the cell density
attached to the sample surfaces was increased, both for FFF
3D printed and polished PEEK groups. Moreover, after Ar and
O, plasma treatment, sample surface cell coverage enhanced
significantly compared with the native FFF 3D printed and
polished PEEK samples (p < 0.0001). The cells attached to the
plasma-treated sample surfaces seemed to be more viable
and stretchable compared with the native PEEK, both for the
FFF 3D printed and polished groups.

3.6. Cell metabolic activity and proliferation

After incubation for 1, 3, and 5 d, the cell metabolic activity
and proliferation were determined by CCK-8. Fig. 8 shows the
cell metabolic activity of PEEK samples in various groups.
After 1 d incubation, there was no significant difference in
cell metabolic activity between the samples with and without
plasma treatment, both for the FFF 3D printed and polished
PEEK. After 3 d cultivation, for the FFF 3D printed samples,
plasma-treated PEEK indicated increased cell metabolic ac-
tivity, especially for the O, plasma-treated samples (p < 0.05).
While for the polished PEEK groups, after 3 d incubation, the

increase in cell metabolic activity was still not significant
after plasma treatments (p > 0.05). A similar trend could be
observed after 5 d incubation.

3.7.  Alkaline phosphatase activity (ALP) assay

Results of ALP activity evaluating the osteogenic differentia-
tion are shown in Fig. 9. At the end of 5 d, the ALP activity for
Ar and O, plasma-treated groups was slightly higher com-
pared with the unmodified PEEK, but without statistical sig-
nificance (p > 0.05), both for the FFF 3D printed and polished
PEEK groups.

3.8. Alizarin red staining (ARS) measurement

Results of mineralized nodules formation showing the os-
teogenic mineralization are displayed in Fig. 10. For the FFF
3D printed PEEK groups, after plasma treatment of Ar and O,
an increase in mineralized nodules could be detected com-
pared with the untreated PEEK samples, especially for the O,
plasma-treated group (p < 0.05). Besides, the optical micro-
scope images of the FFF-Ar-PEEK and FFF-O,-PEEK showed
more positive and brighter red staining than the untreated
PEEK. Similar to the FFF 3D printed PEEK groups, the P-O,-
PEEK also indicated more calcium phosphate deposits than
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Fig. 6 - The qualitative and quantitative SEM results of SAOS-2 osteoblast morphology spread on FFF 3D printed and
polished PEEK surfaces before and after plasma treatment. SEM images were taken after 24 h incubation under different
magnification of 200 x and 1000 x . The resulting cell density was quantified using the Image]J software. Results were
averaged from at least 6 200 x images. The data is represented in means + standard deviations, *p < 0.05, ***p < 0.001.

the native P-PEEK samples (p < 0.01). Compared with the
native P-PEEK group, more mineralized extracellular matrix
deposition appeared on P-Ar-PEEK and P-O,-PEEK sample
surfaces.

4, Discussion

Plasma is a cost-effective and feasible way to enhance the
bioactivity of PEEK and its composites. Nonetheless, research
on its influence on 3D printed PEEK is still lacking. This study
indicated that plasma surface treatment could tailor the
biologic responses of FFF 3D printed and polished PEEK, in-
cluding cell adhesion, metabolic activity, proliferation, and
osteogenic differentiation. The mechanism thereof might be
explained by surface microstructure, wettability, and che-
mical composition.

First, surface morphology and roughness could influence
the bioactivity of PEEK material, as confirmed in numerous
previous studies, and rough surfaces could promote initial

cell adhesion within a certain range [39]. In the present study,
the SEM result (Fig. 2) indicated that the spherical nanoscale
particles and humps appeared on sample surfaces after
plasma treatment might be explained by the polymer chain
broken due to the energetic ions [13]. The combination of
micro- and nano-scale hybrid structures might influence the
sample bioactivity and cellular behavior. Although the sur-
face morphologies of the FFF 3D printed and polished PEEK
groups changed, there was no significant difference in sur-
face roughness following plasma treatment (Fig. 3). Fu et al.
analyzed different plasma types on the physical, chemical,
and biological surface properties of polished PEEK and got a
similar result with this research that plasma treatment
would not change the surface roughness significantly [4].
Second, surface wettability is another factor affecting cel-
lular behavior. In this study, after plasma treatment, the wett-
ability of the sample surface increased significantly, both for
the FFF 3D printed and polished PEEK groups (Fig. 4). To a cer-
tain extent, the material's increased hydrophilicity stimulates
osteoblast adhesion, proliferation, and differentiation on the
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surface, which is favorable for bone formation following im-
plantation [38]. Theoretically, substrates with high surface en-
ergy are more accessible to be wetted than those with low
surface energy [39]. Since most polymers show low surface
energy, they are insufficiently wetted by aqueous liquids. After
plasma surface treatment, the surface properties, especially the
surface wettability and energy, could be tailored. Plasma can
activate the surface by the electric arc and provide valence
electrons to bind liquid molecules [40]. Novotna et al. and Wang
et al. used Ar plasma to modify PEEK surfaces and found in-
creased surface wettability as well as changes in its surface
chemistry [9,13]. In addition, Sundriyal et al. and Rochford et al.
found similar patterns of increased surface wettability with O,
plasma-treated PEEK [36,41]. Such findings could be confirmed
in our study that shows a significant decrease in WCA after
plasma surface treatment.

Table 2 compares the WCA values derived in our research to
those reported in earlier publications following Ar and O,
plasma treatment. The results suggested that the wettability of
the sample surface following plasma treatment might be in-
fluenced by the gases utilized, the processing parameters, and
subsequent sterilizing processes. Fu et al. investigated the sur-
face wettability of O, plasma-treated PEEK before and after
sterilization and discovered that contact angles were sig-
nificantly enhanced during isopropanol sterilization [4]. This
conclusion corroborated our studies, which indicated that
sterilization might decrease the surface wettability achieved by
plasma treatment (Fig. A.2). Despite the reduced wettability of
PEEK following sterilizing with ethanol, Ar and O, plasma
treatment significantly increased its in vitro bioactivity, in-
dicating that plasma-treated PEEK fabricated with 3D printing
technology may be a suitable material for bone reconstruction.
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After 21 d aging time, the samples saved in the 24-well
plate indicated a slight aging effect. Compared with samples
immediately after plasma treatment, the changes in the WCA
were not significant (Fig. 4). In general, plasma-treated sam-
ples will experience a severe aging effect when exposed to
ambient air, and the hydrophilicity will be reduced, even
changes to be hydrophobic. Theoretically, the hydrophilic
surface formed by plasma treatment is thermodynamically
unstable, and the free energy gradient established at the

interface with the surrounding medium acts as a driving
force, tending to decrease the surface energy while the
treated object is stored in the air [13]. In this study, we
evaluate the efficacy of storing plasma-treated PEEK samples
in a closed environment to limit aging. As a result, the hy-
drophilic surface created by plasma treatment can be re-
tained, which is believed to benefit the bioactivity of bone
scaffolds [9,13]. Thus, preserving plasma-treated samples in a
closed environment is an effective and practical method of
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Fig. 9 — ALP activity of SAOS-2 osteoblast after 5 d incubation of FFF 3D printed and polished PEEK samples with and without
plasma surface treatment. The data is represented in means + standard deviations.
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Table 2 - WCA values obtained from previous publications for Ar and O, plasma-treated PEEK samples.

Plasma gases Time (min) Power (W) Sterilization steps after plasma WCA (°) Refs.
Ar 25 300 75% ethanol + UV light 66.40 + 0.29 [24]
Ar/0, 35 200 No 2.4 + 2.07 [42]
0, 30 200 No Almost 0 [4]
60% isopropanol/water Almost 30
0, and Ar/O, 3 200 No 0,: 0.0 + 0.0 [43]
Ar/0,: 0.0 + 0.0
35 0,:0.0 + 0.0
Ar/0,: 2.8 + 1.3
0, 1 200 No 7 +1.24 [41]
0, 15 / Autoclave 53+2 [36]
30 51+ 4
Ar and O, 0.5-4 125 No 60-65 [44]
0, 15 45 Autoclave 60.0 + 2.2 [37]
30 59.0 + 6.5
Ar 60 300 75% ethanol Almost 15 [13]
Ar 2 8.3 70% ethanol 232 + 18 [9]
4 218 +1.3
8 189 + 1.7
Ar/O, 5 10-200 70% ethanol 40-5 [26]
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preventing bone scaffolds from aging and broadening the
application of plasma surface modification in medical im-
plants.

Finally, from the perspective of chemical composition,
after plasma treatment, the surface chemical composition
might be influenced by the used gas. Novotna et al. and
Zhang et al. reported a significant increase in oxygen con-
centration following Ar plasma treatment [9,44|. However,
Wang et al. discovered that when PEEK samples were treated
with Ar plasma, the surface oxygen content reduced slightly
[13]. On the other hand, Sundriyal et al. investigated the
surface modification of O, plasma and discovered that the
oxygen concentration increased from 14.8% to 48.9% fol-
lowing plasma treatment. Additionally, the percentage con-
tributions of the C-OH/C-O-C group, C=0, and O=C-O groups,
grew from 22.92 to 26.06, 0-18.97, and 0-16.9%, respectively
[41]. Other studies also demonstrated that after O, plasma
treatment, the surface oxygen content rose significantly
[36,37,44]. Therefore, we speculated that Ar plasma might
somewhat enhance the oxygen content, but its most sig-
nificant effect would be mechanical cleaning by micro-sand-
blasting. While for the O, plasma, besides mechanical
cleaning, it brought in the hydrophilic groups as well, which
could stimulate osteoblast adhesion, proliferation, and os-
teogenic differentiation.

In this study, cell morphology and viability results in-
dicated that compared with hydrophobic surfaces, cells
prefer to attach and spread on the hydrophilic surfaces due
to the enhanced binding ability between the substrate and
extracellular matrix (ECM) proteins (Figs. 6 and 7) [25]. Be-
sides, after plasma treatment, some nanoscale particles and
humps appeared on the sample surfaces (Fig. 2). The hydro-
philic nano-topographical surface could tailor the adhesion
and spread of cells because of the enhancement in protein
adsorption in the culture media [45]. Wang et al. and Xu et al.
found that after Ar and O, plasma treatment, the cell at-
tached to polished PEEK surfaces of each group indicated
good viability, and cell density improved significantly with
better spreading [13,25]. Similar findings were depicted in our
results for polished groups. In addition, initial osteoblast
adhesion experiments indicated that treatment with Ar and
O, plasma had a minor effect on cell attachment, with the
exception of the FFF-O,-PEEK group (Fig. 5). This might be
because, during the early stages of cell adhesion in 4 h, cells
adhere primarily to sample surfaces by gravity. Some loosely
attached cells were washed away during the following
washing and staining processes. Therefore, there was no
significant difference in initial cell adhesion before and after
plasma treatment.

The long-term cell metabolic activity and proliferation test
of SAOS-2 indicated that cells preferred to adhere and pro-
liferate on the FFF 3D printed PEEK surfaces modified with O,
plasma (Fig. 8), which might be related to the oxidized func-
tional groups produced by O, plasma [41]. Some previous
research found that following O, plasma treatment, the
oxygen content of the sample surface increased and func-
tional groups were introduced [37,41]. The addition of oxygen
functional groups might alter the sample surface chemistry
and charge and increase the binding ability of proteins,

thereby promoting metabolic activity and cell proliferation.

ALP activity is a crucial marker in the early stage of os-
teogenic differentiation. ALP participates in mature bone
matrix calcification regulation and influences cell osteogenic
mineralization ability [46]. In this study, the increase in ALP
activity after plasma treatment was not significant, and only
a gentle improvement could be observed (Fig. 9). Wang et al.
treated polished PEEK samples with Ar and Ar + H,0 plasma
and found out that after 14 d incubation, the ALP expression
in the Ar + H,0 group increased significantly, whereas for the
Ar plasma-treated PEEK, a slight decrease could be detected
[13]. Xu et al. studied the influence of O, plasma treatment on
polished PEEK bioactivities and found that higher levels of
ALP production by cells could be detected on the plasma-
treated samples than on the unmodified PEEK after 7 and 14 d
incubation [25]. The mechanism for the influence of plasma
surface treatment on ALP expression, which could be related
to surface chemistry and nanosized surface features, is
complex and not yet understood in detail [26]. After plasma
surface treatment, hydrophilic functional groups and na-
noscale features appeared on the sample surfaces (Fig. 2) [25].
Zhang et al. proved that the combination of micro- and nano-
scale hybrid structures could improve osteoblast adhesion
and differentiation [47]. These changes might contribute to
increased ALP expression. In this study, we measured the
ALP expression after 5 d incubation, and only a slight in-
crease after plasma treatment could be detected. A long-term
ALP activity could be measured at different time points (e.g.,
7 and 14 d) to analyze the influence of plasma treatment on
ALP expression in further studies.

Mineralized nodules formation is an index for osteoblast
differentiation, which represents matrix maturation [48]. In
this study, after 21 d incubation, the plasma-treated PEEK
indicated higher levels of calcium phosphate deposits, espe-
cially for the O, plasma-treated PEEK (Fig. 10). A possible ex-
planation for this finding is that after plasma treatment, a
significant change in surface wettability was achieved. This
hydrophilic bio-interface could form a suitable environment
for bone nodule formation [40]. Besides, according to several
previous publications, after O, plasma surface treatment,
specific oxygen functional groups may be introduced to the
sample surfaces, increasing osteoblast adhesion and differ-
entiation and, as a consequence, the formation of miner-
alized nodules [41]. Therefore, compared with Ar plasma and
native PEEK samples, O, plasma-treated groups demon-
strated a significant enhancement in mineralized nodules
formation.

Successful bone/dental implants require good biological
activity and osseointegration. Osteoblast behavior is subtle
and complex, and it can be influenced by a variety of factors,
including the morphology, roughness, wettability, and che-
mical composition of the sample surface. These factors all
have an effect on cell adhesion, proliferation, and differ-
entiation. This research evaluated the effect of plasma
treatment on FFF 3D printed PEEK and found a significant
increase in in vitro osteogenic activity. In future studies, the
plasma treatments' potential positive effect on the osseoin-
tegration of FFF 3D printed PEEK implants should be verified
in vivo.
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5. Conclusions

In this study, we combined plasma surface treatment and FFF
3D printing technology to generate micro/nano-topographical
structures on the hydrophilic surface of PEEK utilized as a
bone reconstruction material. Plasma treatment significantly
improved the surface's hydrophilicity and changed the sur-
face's morphology and roughness. In addition to the surface
characterization alterations, plasma-treated PEEK with a hy-
drophilic and micro/nano-topographical surface induced in
vitro SAOS-2 cell adhesion, metabolic activity, proliferation,
and osteogenic differentiation. Besides, the effect of O,
plasma on improving the biologic responses of PEEK samples
is greater than that of Ar plasma treatment. More im-
portantly, storing plasma-treated PEEK samples in a closed
environment could decrease the aging effect, and the ob-
served slight aging suggests chairside plasma treatments.
These findings pave the way for plasma-treated PEEK im-
plants based on the FFF 3D printing technology to be utilized
in orthopedic and dental applications as a potential bone/
dental implant material.
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