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Differentiation of human mesenchymal stem cells
on plasma-treated polyetheretherketone
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Abstract Polyetheretherketone (PEEK) generally exhib-
its physical and chemical characteristics that prevent
osseointegration. To activate the PEEK surface, we applied
oxygen and ammonia plasma treatments. These treatments
resulted in surface modifications, leading to changes in
nanostructure, contact angle, electrochemical properties
and protein adhesion in a plasma power and process gas
dependent way. To evaluate the effect of the plasma-
induced PEEK modifications on stem cell adhesion and
differentiation, adipose tissue-derived mesenchymal stem
cells (adMSC) were seeded on PEEK specimens. We
demonstrated an increased adhesion, proliferation, and
osteogenic differentiation of adMSC in contact to plasma-
treated PEEK. In dependency on the process gas (oxygen
or ammonia) and plasma power (between 10 and 200 W
for 5 min), varying degrees of osteogenic differentiation
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were induced. When adMSC were grown on 10 and 50 W
oxygen and ammonia plasma-treated PEEK substrates they
exhibited a doubled mineralization degree relative to the
original PEEK. Thus plasma treatment of PEEK specimens
induced changes in surface chemistry and topography and
supported osteogenic differentiation of adMSC in vitro.
Therefore plasma treated PEEK holds perspective for
contributing to osseointegration of dental and orthopedic
load-bearing PEEK implants in vivo.

1 Introduction

Polyetheretherketone (PEEK) is a high-temperature ther-
moplastic used as biomaterial for trauma, orthopedic and in
this connection especially spine implants [1]. Owing to the
chemical structure, it possesses relatively high mechanical
stability as well as chemical and radiation resistance.
Neither in vitro nor in vivo cell studies on PEEK showed
signs of cytotoxicity, immunogenicity or mutagenicity [2—
4]. In contrast to metals, PEEK is radiolucent and magnetic
resonance imaging compatible, which allows diagnostic
examination in implant’s vicinity [4]. Young’s modulus
E of pure PEEK is between 3 and 4 GPa [5]. To increase
elasticity of PEEK implants to that of cortical bone
(~ 18 GPa), carbon fiber reinforcement was successfully
used [3].

PEEK is hydrophobic and exhibits a low surface energy,
which limits cell adhesion capacity [6]. Therefore, PEEK
has been so far successfully used for applications where
implant osseointegration is not essential [1]. Due to its
relative inertness, several attempts were made to activate
PEEK implant surfaces. Coatings with Ti and hydroxyap-
atite [2] as well as plasma treatment were shown to be
compatible with PEEK [2, 7]. Processing without coating,
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i.e. wet chemical activation [7-9] and plasma treatments
[7, 10, 11] were shown to be alternatives. Treatment with
oxygen and ammonium plasma creates functional groups at
the surface of polymers, which can increase the surface
energy (hydrophilicity) and modify the surface topography
without affecting the bulk properties [12]. Therefore,
oxygen and ammonia plasma show promise for surface
activation of PEEK [13] potentially replacing elaborate
coating techniques. It was shown that plasma treatment
generates nanostructures on polymer surfaces such as
polydimethylsiloxane [14], polymethyl metacrylate and
PEEK [15]. Controlling plasma power and exposure time,
nanostructures of defined size can be fabricated by oxygen
and ammonia plasma treatments [13].

A decade ago, Zuk et al. [16] characterized a stem cell
population within the adipose tissue that is of mesenchymal
origin and able to undergo e.g. adipogenic (AS), osteogenic
(OS), and chondrogenic differentiation. These cells are
termed adipose tissue-derived stem cells (adMSC). Due to
their primarily mesenchymal differentiation potential, their
frequent occurrence and the ease of harvesting, adMSC are
a potential alternative to mesenchymal stem cells (MSC)
from bone marrow for utilization in regenerative therapies
such as bone and adipose tissue regeneration [17-19].

In recent years, a number of studies demonstrated that
the underlying substrate is a critical determinant of stem
cell behaviour. The key material properties affecting stem
cell or primary cell behaviour have been categorized into
elasticity [20], surface morphology on micro- and nano-
meter scale [21-24] and surface chemistry [25]. Thus,
successful adhesion and differentiation of MSC towards
osteoblasts would significantly contribute to the develop-
ment of iso-elastic, coating-free PEEK implants for
orthopaedic applications.

In this study, we examined the differentiation of adMSC
towards the OS and AS lineage in vitro in dependence of
plasma treatment of PEEK substrates. To determine surface
activation conditions for optimized cell differentiation,
PEEK specimens were oxygen and ammonia plasma-trea-
ted using a series of plasma powers.

2 Materials and methods

2.1 Materials

The chemicals, enzymes, antibiotics and biological factors
were supplied, if not indicated otherwise, by Sigma-

Aldrich (Steinheim, Germany). Cell culture plastics were
from Nunc and Greiner (Frickenhausen, Germany).
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2.2 PEEK sheet pretreatment

Hot embossing with a HEX03 press (JENOPTIK Mikro-
technik GmbH, Oberkochen, Germany) at a temperature of
160 °C and a pressure of 100 kN served to flatten com-
mercially available amorphous APTIV'™ PEEK sheets
(Series 2000, Victrex Europa GmbH, Hofheim, Germany)
with a thickness of 25 um between two polished 4-inch
silicon wafers. During this process the PEEK changes from
amorphous to a partially crystalline state [26].

2.3 Plasma treatment (plasma etching)

Oxygen/argon or ammonia plasma treatments (Piccolo
system, Plasma Electronic, Neuenburg, Germany) acti-
vated the embossed PEEK sheets. PEEK specimens were
placed at the bottom of the plasma chamber (RF-system,
13.56 MHz). Subsequently, the chamber was evacuated,
flushed for a period of 5 min with oxygen/argon (200/
100 sccm, 99.5/99.2 %, Messer, Lenzburg, Switzerland) or
ammonia (200 sccm, 99.98 %, Messer, Lenzburg, Swit-
zerland) and then equilibrated for further 5 min with oxy-
gen/argon (20/10 sscm) or ammonia (30 sccm) gas. The
plasma treatments of 5 min using a power of 10-200 W
resulted in pressures between 0.5 and 1.8 Pa and bias
voltages between 55 and 400 V. Argon was used to support
the oxygen plasma.

Since plasma-activated polymer surfaces are subjected
to molecular changes termed ageing [27], we performed the
presented experiments with the activated PEEK specimens
7 days after plasma treatment.

2.4 Water contact angle measurements

The wettability of (plasma-treated) PEEK was determined
with double distilled water (ddH,O) by the sessile drop
contact angle method using a contact angle goniometer
(Drop Shape Analysis System PSA 10Mk2, Kriiss, Ham-
burg, Germany). Contact angles were measured 5 s after
placing the 4 pL drop at room temperature in triplicate.

2.5 Scanning electron microscopy

The plasma-treated PEEK specimens were coated with
Au/Pd (9 nm) during 30 s using a current of 20 mA in a
vacuum of 6 Pa (sputter coater Polaron, Thermo VG Sci-
entific, East Grinstead, United Kingdom). Substrate sur-
faces were investigated with the field emission scanning
electron microscope Supra 40 VP (Carl Zeiss, Jena, Ger-
many) at an applied acceleration voltage of 10 kV using an
InLens detector.
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2.6 Protein adsorption

The protein amount is quantified via the colorimetric
conversion of a bichinonic acid Cu™ complex in solution.
In this manner the protein was quantified directly when
adsorbed on the substrate. The PEEK specimens were
stamped out in a 12 mm diameter format, the treated side
was wetted with phosphate-buffered saline (PBS) and then
incubated on a 200 pL drop of 10 % foetal calf serum
(FCS, PAN-Biotech GmbH, Aidenbach, Germany) or
10 mg/mL bovine serum albumin (BSA, Cohn fraction V)
in PBS for 2 h at 37 °C using the inverted drop method: the
200 pL drop was placed on a parafilm in a wet chamber
and the PEEK specimen was placed on the drop with the
treated side. The incubated PEEK was subsequently
washed with PBS using the inverted drop method to
remove excess protein. The specimens were then incubated
with 600 pL. micro BCA reagent (Thermo Scientific,
Rockford, USA) at 60 °C for 1 h and the protein concen-
tration was determined via the optical density at 562 nm.

2.7 Zeta-potential measurements

All streaming potential measurements to determine the zeta
potential values were carried out with the Electrokinetic
Analyzer (Anton Paar KG, Graz, Austria) and the mea-
suring cell for flat plates as described previously [28].

2.8 XPS measurements

XPS studies were carried out by means of an Axis Nova
photoelectron spectrometer (Kratos Analytical, Manches-
ter, England). The spectrometer was equipped with a
monochromatic Al Ko (hv = 1,486.6 eV) X-ray source
operated at a power of 225 W. The kinetic energy of the
photoelectrons was determined with a hemispheric ana-
lyser set to a pass energy of 160 eV for the wide-scan
spectra and 40 eV for the high-resolution spectra (full-
width-at-half-maximum of Ag3ds, was 1.8 and 0.6 eV,
respectively). During the measurements, -electrostatic
charging of the specimen was overcompensated by means
of a low-energy electron source. The peak fitting was
performed with the CasaXPS software (Version 2.3.15,
Casa Software Ltd.). The energy scale of the spectra was
calibrated against the C;; line of aliphatic carbon at
E, = 285.0 eV. An iterated Shirley background was sub-
tracted from the spectra. Quantitative elemental composi-
tions were determined from peak areas.

2.9 Cell culture

Human adMSC from liposuction-derived adipose tissue
were isolated by collagenase digestion (collagenase NB4

from  Clostridium  histiolyticum, 0.12 PZ  units
(Wiinsch)/mg, 6 mg/mL adipose tissue, Serva, Heidelberg,
Germany). The enzymatic digestion was performed for
0.5 h at 37 °C (slight shaking). Afterwards the homoge-
nous solution was filtered through a 100 pm filter (nylon
cell strainer, BD Falcon, Heidelberg, Germany) and the
resulting cell suspension was washed three times with PBS
containing 10 % FCS (PAN, Aidenbach, Germany) and
repeated centrifugation at 400x g for 5 min. The final cell
pellet was resuspended in DMEM (Gibco Invitrogen,
Karlsruhe, Germany) containing 10 % FCS and antibiotics
(final concentration: 100 U/mL penicillin, 100 pg/mL
streptomycin, Invitrogen, Germany), seeded in cell culture
flasks and cultivated at 37 °C and 5 % CO, in a humidified
atmosphere. 24 h after cell isolation the CD34-positive
subpopulation was isolated by the Dynal® CD34 progenitor
cell isolation system (Invitrogen, Karlsruhe, Germany) as
described previously [19]. These experiments were con-
ducted with the approval of the ethics committee (Medical
Faculty, University of Rostock) and the full consent of the
patients.

In the fourth passage seeding of cells into experimen-
tation was done at 20,000 cells per cm?. Absence of con-
taminating monocytes/macrophages and endothelial cells
was confirmed by flow cytometry (FACSCalibur; BD
Biosciences AG, Heidelberg, Germany) proving the
absence of CD147/CD68" (eBioscience, Frankfurt a. M.,
Germany) and CD31" (Millipore, Schwalbach, Germany)
cells, respectively. After seeding, adMSC were cultured
until confluence was reached and then stimulated to dif-
ferentiate using OS differentiation stimulating medium
(OS: basal medium plus 0.25 g/L. ascorbic acid, 1 uM
dexamethasone and 10 mM beta-glycerophosphate) or AS
differentiation stimulating medium (basal medium plus
1 uM dexamethasone, 500 uM IBMX, 500 puM indo-
methacin, 10 pM insulin). For the unstimulated (US) ad-
MSC control cultures the basal medium did not contain any
specific differentiation factors. Start of stimulation is
termed day zero of experimentation. The plasma treated
PEEK specimens were punched out to fit into a 96 well
format, sterilized with 70 % ethanol (LiChrosolv, MERCK,
Darmstadt, Germany) washed two times with Dulbecco’s
PBS (without Ca*" and Mg?", sterile; PAA Laboratories
GmbH, Coélbe, Germany), and incubated with medium for
2 h before adMSC seeding. All experiments represented as
box plots were performed at least 4 different liposuction-
derived adipose tissue donors.

2.10 Cell number quantification
Quantification of adMSC number at the distinct experi-

mental conditions was done indirectly using the basic dye
crystal violet [29]. Due to a linear correlation, cell numbers
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can indirectly be determined quantifying the optical density
of the re-solubilised dye [30]. Briefly, cells were washed
with PBS, fixed with 2-propanol (SERVA Electrophoresis
GmbH, Heidelberg, Germany), permeabilised (0.05 %
Tween 20 in PBS), stained with crystal violet (0.1 % in
PBS) for 60 min and washed with ddH,O. Subsequently,
bound crystal violet was dissolved in acetic acid (33 %;
Merck KGaA, Darmstadt, Germany), transferred to an
optical plate and quantified via its optical density at
600 nm (anthos 2010 optical density microplate reader;
anthos Mikrosysteme GmbH, Krefeld, Germany).

2.11 Quantification of alkaline phosphatase (ALPL)
activity

ALPL catalyses the hydrolysis of an arylphosphate residue
of its synthetic substrate para-nitrophenyl phosphate
(pNPP) into the coloured product paranitrophenol [31].
Thus, by quantification of the optical density of the col-
oured product generated in a given time, the ALPL activity
can be determined.

For this analysis cells were washed with Tris-buffered
saline, lysed using a detergent- and protease inhibitor-con-
taining buffer (1 % Tween 20 and 100 uM phenylmetha-
nesulfonylfluoride/PMSF (AppliChem GmbH, Darmstadt,
Germany) in ddH,0, incubated with ALPL substrate solu-
tion (10 mM pNPP, AppliChem GmbH, Darmstadt, Ger-
many), 100 mM 2-amino-2-methyl-1,3-propanediol and
5 mM MgCl, (AppliChem GmbH, Darmstadt, Germany) in
ddH,O for 60 min at 37 °C, 5 % CO, in a humidified
atmosphere. pNPP conversion was stopped using 2 M
NaOH, and the optical density of the supernatant was
quantified at 405 nm.

2.12 Quantification of extracellular matrix calcium
content

Extracellular matrix calcium content was optically quan-
tified using cresolphthalein. In order to quantify only the
concentration of calcium ions in solution, magnesium
ions have to be masked. This was accomplished by
adding the chelating agent 8-hydroxy chinoline [30]. The
procedure used was adapted from Proudfoot et al. [32]
and involves acidic liberation of calcium ions from the
extracellular matrix and subsequent complexation under
alkaline conditions. For that purpose, cells were washed
with PBS, fixed with 4 % paraformaldehyde (PFA) pre-
warmed to 37 °C, washed with ddH,O and then incu-
bated in cresolphthalein buffer (0.1 mg/mL ortho-cres-
olphthalein complexon, 1 mg/mL 8-hydroxy chinolin and
6 % (viv) of 37 % HCIl in ddH,O) for 5 min. Then,
2-amino-2-methyl-1-propanol (AMP) buffer (15 % AMP)
in ddH,0, pH = 10.7 was added, and after 20 min, the
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supernatant was transferred to an optical plate to quantify
the optical density at 580 nm.

2.13 Quantification of cellular lipid content

Cellular lipid content was determined using an unmodified
lipophilic boron dipyrromethene (Bodipy) dye which dis-
solves well in cellular neutral lipids, most of which being
triglycerides, that build the core of lipid droplets and that
are surrounded by a monolayer of phospholipids [33].
Bodipy fluoresces upon excitation at 480 nm or maximal at
493 nm and emits a green fluorescence at 503 nm. Thus,
the intensity of the fluorescence emitted by the Bodipy
stain is proportional to the total amount of lipid stored
within a cell. Briefly, cells were washed with PBS, fixed in
4 % PFA pre-warmed to 37 °C, washed with PBS, incu-
bated in Bodipy solution (1 pg/mL, BODIPY 493/503
(Life Technologies GmbH, Darmstadt, Germany) in
150 mM NaCl) for 10 min in the dark, washed with PBS
and subsequently with ddH,O. The stained cells were
investigated under the microscope in standard filter-based
fluorescence microscopy (Axio Scope.Al with AxioCam
MRec, both Carl Zeiss Microlmaging GmbH, Géttingen,
Germany). To quantify the cellular lipid content, images
were converted into linear grey scale mode, the background
level was calculated judging the histograms of a group of
images of US adMSC, and a PHP-script (www.php.org),
complemented by functions of the ImageMagick (www.
imagemagick.org) software suite, was used to assess all
pixels, cumulated their number as area and their intensity
as voxel.

2.14 Live cell staining

Visualization of living cells was done by fluorescence
staining with calcein AM. Cells were incubated in basal
medium containing calcein AM (Biomol GmbH, Hamburg,
Germany) at 1 uM for 15 min at 37 °C, 5 % CO, in a
humidified atmosphere. Then, this staining solution was
exchanged by basal medium, and cells were examined
under the microscope in standard filter-based fluorescence
microscopy at 496 nm (excitation) and 516 nm (emission).

2.15 Data normalization

To facilitate statistical analysis of the metrical data
obtained, data were normalized. To this end, the data, as
e.g. ALPL activity, for each adipose tissue donor was
collected, and the minimum (x.;,) and maximum (X;,x)
value for all treatment conditions and time points were
determined. The position of a distinct value x obtained for
this parameter and individual with respect to the extremes
Xmin and Xp,.x Was then represented as Xporm = (X—Xmin)/
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Fig. 1 SEM images of original PEEK (a) and 10, 50, 100, 200 W
oxygen plasma-treated (b-e) and 10, 50, 100, 200 W ammonia
plasma-treated (f—i) PEEK specimens

(Xmax—Xmin)- This operation scales the values obtained for
each individual and parameter to a range from zero to one.

2.16 Data presentation

Data are habitually presented as box plots. Here, the solid
box represents 50 % of the measured values that assemble
around the median indicated by a horizontal line. The box
ranges from the 25th to the 75th percentile, i.e. that 25 %
of the measured values lay below the lower border of the
box and 25 % of them lay above the upper border of the
box. Error bars starting below and above the box indicate
the 5th and 95th percentile.

2.17 Statistics

All mean values were compared by a non-parametric one-
way ANOVA test using Prism 5 (GraphPad Software, Inc.,
La Jolla, USA). Statistical significance of differences was
accepted for P < 0.05.

3 Results
3.1 Plasma treatment of PEEK substrates

For activation of the hydrophobic PEEK surface, we
applied oxygen and ammonia plasma with powers between
10 and 200 W for a period of 5 min. Both plasma treat-
ments generated a homogenous nanopatterning of the sur-
face with increased roughness. As demonstrated in Fig. 1,
oxygen plasma had a stronger effect (Fig. 1b—e) than
ammonia plasma (Fig. 1f—i) for identical plasma duration
and power. While 10 W oxygen plasma treatment led to
pillar-like structures in the range of 10 nm, 200 W treat-
ment resulted in structures with a size of about 50 nm.
200 W ammonia plasma created structures with sizes of
about 25 nm.

To further characterize the plasma-treated PEEK sur-
faces, static water contact angle and protein adsorption
measurements were performed. The results of static water
contact angle measurements are shown in Fig. 2a. The
original PEEK specimen revealed a contact angle of more
than 80°. Increasing oxygen plasma power resulted in
reduction of contact angles, i.e. being 40° for 10 W and 5°
for 200 W. Ammonia plasma treatments also resulted in a
decrease of contact angle which, however, increased in
dependency of the plasma power, i.e. being 45° for 10 W
and 90° for 200 W. In all cases, the amount of adsorbed
protein gained with increasing plasma power as illustrated
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Fig. 2 a Static water contact angle of original and of oxygen and
ammonia plasma-treated PEEK specimens at day 7 after processing.
b BSA and ¢ FCS adsorption (2 h, 37 °C) of original, oxygen and
ammonia plasma-treated PEEK specimens at day 7 after processing,
quantified by the micro BCA assay

in Fig. 2b and c. BSA density on oxygen and ammonia
plasma-treated specimens as well as FCS on ammonia
plasma-treated PEEK was doubled with respect to the
original specimens for powers of 200 W, whereas the FCS
density on oxygen plasma-treated specimens raised by a
factor of six.

Furthermore, the electrochemical surface properties, i.e.
the charge of the plasma-treated PEEK specimens, were
investigated by zeta-potential measurements via the
streaming potential at varying pH-values (Fig. 3). The
original PEEK showed a zeta potential of zero at a pH of
3.9, which is the point of zero net charge and therefore
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Fig. 3 Zeta-potential measurements of original, oxygen (10 and
200 W) and ammonia plasma-treated (10 and 200 W) PEEK spec-
imens via the streaming potential at given pH-values. The isoelectric
points (zeta potential zero) correspond to 3.9, 3.2, 3.3, 4.0, and 4.2,
respectively

Table 1 XPS analysis of non-treated and plasma-treated PEEK
specimens. Relative concentrations of the detected elements and O/C
and N/C ratios as a function of plasma processing parameters

PEEK type C% O% N% F% Al% O/C N/C
Original PEEK 84 134 01 03 O 0.16 0.00
0, (0 W plasma) 679 252 12 34 12 037 0.02
0, (50 W plasma) 567 220 15 146 47 039 0.03
0O, (100 W plasma) 459 21.8 09 227 80 048 0.02
0, (200 W plasma) 37.5 25.8 0.8 234 11.7 0.69 0.02
NH; (10 W plasma) 72.0 119 131 23 04 0.17 0.18
NH; (50 W plasma) 579 109 11.8 154 4.0 0.19 0.20
NH; (100 W 546 154 67 162 7.0 028 0.12
plasma)
NH; (200 W 538 192 45 134 85 035 0.08
plasma)

corresponds to its isoelectric point (pI). Oxygen plasma
treatment resulted in lower pls, i.e. of 3.2 for a power of
10 W and 3.3 for 200 W, because of the generation of
negatively charged groups at the PEEK surface. Ammonia
plasma treatment shifted the pI to higher values, i.e. to 4.0
for a power of 10 W and to 4.2 for 200 W.

To gain information about the chemical composition of
the plasma-treated PEEK surfaces, XPS spectra were
acquired. As summarized in Table 1, there are significant
differences between the plasma-treated and the original
PEEK surfaces as already shown in more detail elsewhere
[34]. The treatment with oxygen plasma led to surface
oxidation, as indicated by the O/C ratio which increased
steadily with increasing treatment power. Comparably,
NH;-plasma treatment leads to introduction of surface-
amino groups. However this effect and therefore the N/C
ratio decreased with increasing plasma power. Unexpect-
edly, the XPS measurements revealed also an enrichment of
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Fig. 4 Calcein AM stain of adMSC at day 14 of culture on TCPS
(a—c), original PEEK (d-f), 10 W oxygen plasma-treated (g-i),
200 W oxygen plasma-treated (j—1), 10 W ammonia plasma-treated
(m-o0) and 200 W ammonia plasma-treated (p-r) PEEK specimens

fluorine and aluminium (present in the oxidized state) on the
specimen surfaces at 50-200 W plasma power (Table 1).

3.2 adMSC adhesion and phenotype on plasma-treated
PEEK substrates

The effect of the plasma-treated PEEK substrates on ad-
MSC phenotype, vitality, proliferation and differentiation

was analysed for US, OS and AS cell culture conditions.
The vital staining revealed that the adMSC adhered on
standard tissue culture polystyrene (TCPS) and proliferated
until confluence under US, OS and AS differentiation
conditions at day 14 (Fig. 4a—c). On the original PEEK
substrates, adhesion of the adMSC under US and OS
conditions was weak and the cells frequently formed
spheroids (Fig. 4d, e). adMSC adhesion under AS condi-
tions contrastingly was unaffected in comparison to TCPS
(Fig. 4f). Low power oxygen plasma treatment (10 W)
resulted in reproducible adMSC adhesion on PEEK
(Fig. 4g—i) similar to adhesion on TCPS, whereas high-
power oxygen plasma treatment (200 W) allowed only
sparse adMSC adhesion for all treatment conditions
(Fig. 4j-1). Similar to the oxygen plasma-treated PEEK
substrates, adMSC adhered well to the 10 W ammonia
plasma-treated PEEK substrates (Fig. 4m—o), but weakly to
the 200 W ammonia plasma-treated specimens (Fig. 4p-r).
50 and 100 W oxygen plasma and ammonia plasma-treated
specimens gave rise to similar behaviour as noticed for
10 W plasma-treated PEEK specimens (data not shown).
Notably, the spheroid formation was only observed up to
day 14 of cultivation. After 21 and 28 days, the substrates
were completely cell-covered.

adMSC proliferation was quantified for day 14, day 21
and day 28 (results from day 14 see Fig. 5). For all time
points measured, the oxygen and ammonia plasma treat-
ments of PEEK specimens up to a power of 100 W led to
higher cell numbers than on TCPS and on original PEEK
substrates. Under OS conditions, adMSC proliferation was
increased, whereas it was halted under AS conditions. We
found a dependence of cell number on plasma power for
oxygen plasma-treated PEEK substrates under OS condi-
tions, increasing plasma powers resulting in decreasing cell
numbers, as qualitatively observed on the live stain images

(cp. Fig. 4).

3.3 Differentiation of adMSC on plasma-treated PEEK
substrates

OS differentiation was investigated analysing the ALPL
activity at day 14 and the mineralization degree at day 28
under OS and US conditions (Fig. 6). ALPL activity was
generally increased for OS conditions compared to the US
control (Fig. 6a). We observed a plasma power dependent
regulation of ALPL activity, being increased on 10 and
50 W plasma-treated PEEK substrates compared to TCPS,
the original PEEK substrate and the US controls, but
decreased for higher plasma powers. This phenomenon
was observed for both reaction gases, while oxygen
plasma showed a stronger impact. At day 21 and day 28,
such a clear dependency was not found (data not
shown).
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Mineralization was quantified at day 28 (Fig. 6b).
Again, we discovered a plasma power dependent regulation
of OS differentiation as seen for ALPL activity, since
mineralization was increased for the lower plasma power
treated PEEK specimens (10 and 50 W) in comparison to
the TCPS and the original PEEK substrate controls, but it
was decreased for higher plasma power treated PEEK
specimens (100 and 200 W).

Furthermore, we investigated the AS differentiation
potential of adMSC on plasma-treated PEEK substrates.
Cellular lipid accumulation was analysed at day 14 and day
21 under AS and US conditions. Generally, lipid accu-
mulation occurred only under AS conditions. Quantifica-
tion of cellular lipid content revealed a slight and
homogenous increase on ammonia plasma-treated PEEK
between 10 and 100 W (approx. 120 % compared to ori-
ginal PEEK), whereas the lipid content was reduced on
200 W ammonia plasma-treated PEEK (approx. 80 %).
The lipid accumulation on oxygen plasma-treated PEEK
substrates was generally lower compared to original and
ammonia plasma-treated PEEK (10-100 W approx. 90 %
and 200 W approx. 60 % compared to original PEEK).

4 Discussion

4.1 Surface characteristics

To refine PEEK as suitable polymer for load-bearing
implants, its hydrophobic surface needs to be activated to

allow cell attachment. Plasma treatments can specifically
affect the chemistry and the nanostructure of the substrate’s
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surface [6, 7, 13, 15]. The nanometer-scale topography can
be tailored controlling the plasma power, exposure time
and process gas composition [13]. Since an increased root-
mean-square roughness leads to enhanced protein adsorp-
tion, the plasma-induce changes of PEEK surface topog-
raphy could affect protein adsorption [35]. We could show
that plasma treatment strongly impacts water contact angle
and protein adsorption. In accordance to literature sug-
gesting that neither extremely hydrophobic nor hydrophilic
surfaces bind proteins in conformations accessible for cells
[36], adMSC adhesion and proliferation was highest on
oxygen and ammonia plasma treated PEEK substrates
showing contact angles between 30° and 50°. With
increasing plasma power an increase in surface roughness
and higher amounts of BSA and FCS were detected. The
detected BSA density of 0.6 pig/cm? on the original PEEK
substrates agrees well with the values calculated for
monolayer coverage, which corresponds to 0.7 pg/cm?
assuming an area of 4 nm x 4 nm per BSA molecule.
According to line profiles from AFM measurements, the
increase of surface area for the roughest PEEK substrates
treated with 200 W plasma is about 15 % for ammonia and
about 90 % for oxygen processing compared to the original
PEEK. These values for the surface increase was extracted
from previous detailed AFM studies on the plasma treated
PEEK [13]. While for BSA and FCS one observes a dou-
bling of protein adsorption on 200 W ammonia-treated
substrates, 200 W oxygen-plasma led to twofold and six-
fold densities for BSA and FCS, respectively, compared to
the original PEEK. The consideration of surface enlarge-
ment can, therefore, only partly explain the increased
protein adsorption. Hence, one may conclude that the
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Fig. 6 Osteogenic differentiation of adMSC on TCPS, original,
oxygen and ammonia plasma-treated PEEK substrates. a ALPL
activity at day 14 of culture under US and OS conditions. b In vitro
mineralization at day 28 under US and OS conditions. Data were
normalized to values between 0 and 1, n = 4

nanostructures act as nucleation centres for the proteins, an
effect that was described for immunoglobulins and BSA on
nanopyramidal surfaces [37, 38]. In contrast to BSA, FCS
contains a mixture of proteins, potentially enabling selec-
tive protein adsorption. In this context, the local surface
charge plays a crucial role. For instance, it was shown that
hydroxyapatite functionalized with differently charged
amino acids, namely arginine or aspartic acid, selectively
bound more BSA or lysozyme in a competitive protein
adsorption assay [39]. Oxygen plasma treatments shifted
the pl of the PEEK specimens significantly towards the
acidic range through creation of negatively charged car-
boxylic acid or ester groups, whereas ammonia plasma
treatments gave rise to a more alkaline pl because of the

creation of positively charged amine groups [34]. In
accordance to our observations, Safinia et al. [40] noted
that air plasma shifted the pl towards the acidic range,
whereas ammonia plasma in combination with water
treatment resulted in a pl slightly shifted towards the basic
pH range.

Interestingly, our XPS measurements revealed a
decreasing N/C ratio with increasing ammonia plasma
power. High ammonia plasma powers cause etching and
loss of NH, radicals from the surface, resulting in lower
amounts of incorporated nitrogen on the PEEK surface
[27]. This may also explain why contact angles increased
with increasing plasma power. The higher plasma powers
resulted in increasing amounts of fluorine and aluminium
on the PEEK surface for both process gases. As one of the
starting materials in the production of PEEK is fluorinated,
the accumulation of fluorine with increasing plasma power
is explained by thermally activated surface segregation of
fluorinated residues in the PEEK specimens [41]. The
plasma chamber, which is made from aluminium, is most
likely the source of the aluminium oxide on the plasma
treated specimens. Since Mendonga et al. [42] and Cooper
et al. [43] have shown that aluminium oxide or fluoride-
containing coatings of titanium implants may enhance OS
differentiation we do not expect impairing effects from the
accumulation of aluminium and fluorine on our substrates.

4.2 Cellular reactions

Adhesion of adMSC was higher on low power oxygen and
ammonia plasma-treated PEEK specimens (10 and 50 W)
where the root-mean-squared (RMS) roughness is smaller
(average height for oxygen plasma is 9 and 18 nm, for
ammonia plasma 3 and 7 nm, respectively) than for the
more powerful plasma treatments (i.e. 100 and 200 W)
(average height for oxygen plasma is 24 and 37 nm, for
ammonia plasma 11 and 13 nm, respectively), according to
AFM line scans. Dalby and colleagues have demonstrated
that nanostructures in the height-range of 13 nm positively
influence fibroblast adhesion and proliferation, whereas
95 nm high nanostructures have a negative effect [23, 44].
PEEK substrates that supported adMSC adhesion also
induced pronounced OS differentiation (i.e. 10 and 50 W
oxygen and ammonia plasma-treated PEEK), whereas
PEEK substrates that impaired adMSC adhesion also
impaired OS differentiation (i.e. 200 W oxygen and
ammonia plasma-treated PEEK). This correlation was first
described by Spiegelman and Ginty [45]. These authors
examined a dependency of the differentiation characteris-
tics of the AS cell line 3TE-F442A on the adhesion sub-
strate and demonstrated that well-spread cells exhibited
less AS differentiation than cells with weaker adhesion.
McBeath et al. [22] showed that bone marrow MSC that
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were allowed to adhere, flatten, and spread underwent
osteogenesis, while unspread, round cells became adipo-
cytes. These cell shape induced differentiation changes of
MSC were accounted to the signalling of the small GTPase
RhoA, which is involved in the regulation of cytoskeletal
tension [22]. Furthermore, our experimental findings cor-
relate well with the observations of Poulsson and Richards,
who found that human primary osteoblast-like cells show
higher levels of in vitro mineralization on oxygen plasma
treated PEEK in comparison to unmodified PEEK surfaces
[6].

Noticeably, while US and osteogenically stimulated
adMSC did not adhere comprehensively on original PEEK,
adipogenically stimulated adMSC exhibited a homogenous
growth even on original PEEK. These differences in
adhesion of adMSC could evolve from the mode of action
of a ligand-activated transcription factor termed peroxi-
some proliferator-activated receptor y (PPARYy) that is
activated in AS stimulation [46]. Activation of PPARYy
increases cellular motility via changes in cytoskeletal
organization [47], i.e. the increased adhesion observed for
adipogenically stimulated adMSC could have resulted from
reduced cytoskeletal tension due to activation of PPARY.

Although the ammonia and oxygen plasma-treated
PEEK specimens significantly differ with respect to surface
chemistry and roughness, adMSC adhesion, proliferation
and differentiation were largely similar. This raises the
question whether surface nanostructure or surface chem-
istry dominates the observed adMSC differentiation. The
nanostructure may be of secondary importance, as the
nanostructures on oxygen and ammonia plasma-treated
substrates significantly differ in height and density and as
there is no direct correlation with the protein adsorption.
The chemical modification of the PEEK surfaces through
the oxygen and ammonia plasma treatments, as revealed by
the XPS and contact angle measurements, is complex. The
electrochemical properties showed reaction gas dependent
but not plasma power dependent effects. Therefore, we
have to conclude that both surface chemistry and nano-
structuring lead to the positive effect on adMSC differen-
tiation. 10 and 50 W oxygen and ammonia plasma-treated
PEEK surfaces proved to be suitable substrates to promote
OS differentiation in vitro.

5 Conclusion

Activation of PEEK surfaces using 10 and 50 W oxygen
and ammonia plasma treatments (exposure time 5 min)
generated nanostructured substrates allowing extensive
adMSC adhesion, proliferation, and OS differentiation
compared to the original PEEK. These in vitro data indicate
that plasma-treated PEEK-implants are osteopromotive

@ Springer

in vitro and thus may permit osseointegration of these iso-
elastic, magnetic resonance imaging compatible, and X-ray
transparent load-bearing implants in vivo.
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