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Tailoring surface nanostructures on 
polyaryletherketones for load-bearing implants

Abstract: High-performance thermoplastics including 
polyetheretherketone (PEEK) are key biomaterials for 
load-bearing implants. Plasma treatment of implants 
surfaces has been shown to chemically activate its sur-
face, which is a prerequisite to achieve proper cell attach-
ment. Oxygen plasma treatment of PEEK films results in 
very reproducible surface nanostructures and has been 
reported in the literature. Our goal is to apply the plasma 
treatment to another promising polymer, polyetherk-
etoneketone (PEKK), and compare its characteristics to 
the ones of PEEK. Oxygen plasma treatments of plasma 
powers between 25 and 150  W were applied on 60 μm-
thick PEKK and 100 μm-thick PEEK films. Analysis of the 
nanostructures by atomic force microscopy showed that 
the roughness increased and island density decreased 
with plasma power for both PEKK and PEEK films cor-
relating with contact angle values without affecting bulk 
properties of the used films. Thermal analysis of the 
plasma-treated films shows that the plasma treatment 
does not change the bulk properties of the PEKK and 
PEEK films.
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Introduction

Polyaryletherketones are semi-crystalline thermoplastics, 
which are thermally stable up to at least 250°C and exhibit 
high mechanical strengths compared to other polymers. 
While polyetheretherketone (PEEK) has been established 
as a high-performance polymer in the orthopedics (1, 2) 
and further medical implants (1, 3–6), polyetherketonek-
etone (PEKK) is only at the transition to medical appli-
cations. The structure of PEKK and PEEK, reproduced in 
Figure 1, is very similar. Both polymers, PEKK and PEEK, 
belong to the polyaryletherketone family, where benzene 
rings are linked via ether and ketone groups. The ratio and 
sequence of ethers to ketones affect the thermal properties 
including glass transition temperature, melting point, heat 
resistance, and processing temperature of the polymer. 
PEKK has a higher ratio of ketones than PEEK making the 
polymer chain more rigid. As a consequence, the reported 
glass transition temperature of PEKK (Tg = 162°C) and the 
melting point of PEKK (Tm = 395°) (7, 8) are significantly 
higher than the ones of PEEK (Tg = 143°C, Tm = 343°C) (9). In 
comparison to PEEK, PEKK has an extremely slow rate of 
crystallization leading to improved flow characteristics, 
lower mold-in stresses, and greater dimensional stability 
(10). PEKK also exhibits lower melt viscosity than PEEK 
(11) rendering easier processing of injection-molded prod-
ucts. Even more important for load-bearing implants are 
the mechanical properties of PEKK with respect to the 
established PEEK. The compressive yield strength of PEKK 
(205 MPa), for example, is twice as large as the one of 
PEEK (118 MPa). The density of PEKK (1.3 g/cm3) and of 
PEEK (1.3 g/cm3) (9) is closer to bone (1.9 g/cm3) (12) than 
that of the metals in use for load-bearing implants.

The thermo-mechanical properties of PEKK superior 
to the ones of PEEK are a clear advantage when working 
with thin film or thin-walled products. Nevertheless, as 
PEEK, PEKK is radiolucent, compatible to magnetic reso-
nance imaging and chemically inert and, therefore, quali-
fies as a promising biomaterial for a variety of medical 
implants.

Several manufacturing processes including inject-
ing molding are in use to produce medical implants from 
PEEK (13, 14). For osteointegration, the PEEK surfaces 
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have to be activated to allow for proper cell attachment. 
The surface chemistry and roughness (15) play a crucial 
role in the biocompatibility of medical implants (16, 17) 
because adherent cells interact via dedicated proteins 
with the accessible micro- and nanostructures (18–20). 
Plasma treatment is a promising method because of the 
ease of the process and the reproducible control of the 
final surface chemistry. Plasma-based surface activation 
methods are also applied to fabricate vascular implants 
(21, 22).

Load-bearing implants made of titanium are sand-
blasted and etched to obtain the micro- and nanometer-
scale roughness for osseointegration. In order to reach 
osseointegration for polymers and extend the applica-
tions beyond spinal disc cages and housings of pacemak-
ers (1) the necessary roughness has to be generated. It has 
been shown that plasma treatments do not only chemi-
cally activate the polymer surfaces but also induce etching 
processes, which result in well-defined nanostructures 
(23, 24). The density and size of the nanostructures can 
be tailored by the choice of the process gas, the plasma 
power, and the duration of the plasma treatment. Very 
recently, it has been demonstrated (25, 26) that adipose 
tissue-derived mesenchymal stem cells seeded on plasma-
treated PEEK films show an increased adhesion, a higher 
degree of proliferation, and an improved osteogenic differ-
entiation compared to untreated films. When these cells 
were grown on films treated with 10 and 50 W oxygen and 
ammonia plasmas for a duration of 5 min, they exhibited 
a doubled mineralization degree relative to the untreated 
PEEK. As the plasma-treated PEEK films supported the 
osteogenic differentiation of stem cells in vitro, one can 
reasonably assume that plasma-treated PEEK implants 
holds perspective for suitable osseointegration of load-
bearing PEEK implants in vivo.

We hypothesize that the oxygen plasma treatment can 
successfully be applied to PEKK films in a similar manner 
as to PEEK in order to realize nanostructures for improved 
osseointegration. In this communication, we apply the 
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Figure 1 Structure of PEKK and PEEK.

methodology developed (23, 25) for both PEEK and PEKK 
films to present a detailed comparison of the two polymer 
biomaterials.

Materials and methods

Materials
Commercially available 100 μm-thick amorphous PEEK films 
(APTIVTM 2000 series, Victrex Europa GmbH, Hofheim, Germany) and 
60 μm-thick PEKK films (OXPEKK PermettaTM, Oxford Performance 
Materials, South Windsor, CT, USA) were used for this study. These 
commercially available PEKK films are only available with a nomi-
nal thickness of 60 μm, whereas PEEK films are offered with nominal 
thicknesses of 6, 12, 25, 50, 100, 200, and 300 μm. Our study is based 
on 100 μm-thick PEEK films because of the available data from previ-
ous research activities (23, 25).

PEEK sheet pretreatment by hot embossing
The 60 μm-thick PEKK and 100 μm-thick PEEK films were flat-
tened by placing them between two polished, 500 μm-thick 4-inch 
Si(100) wafers (Si-Mat, Kaufenring, Germany) in a precision hot 
press (HEX03, Jenoptik AG, Jena, Germany), heated slightly above 
the glass transition temperatures under a pressure of 40 kN for a 
period of 10  min and subsequently cooled down to room tempera-
ture with an average rate of 0.26 K/s. Hot embossing is meaningful 
as the viscous behavior of the thermoplastic polyaryletherketones 
allows flattening the surface undulations including scratches with a 
polished Si wafer, which exhibits a roughness well below 2 nm. The 
thicknesses of the original and embossed films were measured using 
a micrometer gauge (115151 digital FUTURO IP65, Brütsch/Rüegger 
Tools Ltd, Urdorf, Switzerland) with a resolution of 1 μm. The meas-
ured thicknesses of the commercially available films were (82.0 ± 2.0) 
μm for the nominally 60 μm-thick PEKK films and (98.5 ± 1.5) μm for 
the nominally 100 μm-thick PEEK films. After embossing, the thick-
nesses were determined to (76.4 ± 2.0) μm for PEKK and (94.4 ± 0.8) μm 
for PEEK films. This means that the hot embossing process did not 
only reduce the roughness but also the film thickness for PEKK and 
PEEK by about 6 μm each.

Surface nanopatterning by plasma treatment
Oxygen plasma treatments (RIE System Plasmalab 80 Plus, Oxford 
Instruments, Yatton, UK) activated the original and embossed 
PEKK and PEEK films, respectively. The films were placed at the 
bottom-center of the plasma chamber. Subsequently, the chamber 
was  evacuated, flushed for a period of 5  min with oxygen/argon 
(100/50 sccm) and then equilibrated for further 5 min with oxygen/
argon (20/10 sccm). The plasma treatments with a duration of 5 min 
using a power between 25 and 150 W for the PEKK films and between 
25 and 100 W for the PEEK films resulted in pressures between 25 and 
98 mTorr and DC bias voltages between 146 and 372 V.
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Surface topography measurements by 
atomic force microscopy (AFM)
AFM measurements enabled us to determine the roughness of plasma-
activated PEKK and PEEK surfaces. The measurements were per-
formed in Tapping Mode® in ambient air under dry conditions on a 
 DimensionTM 3100 instrument (Veeco, Mannheim, Germany) using sili-
con cantilevers with Si3N4 coating and a tip radius of 20 nm, a spring 
constant of 40 N/m and a resonance frequency of 325 kHz (NSC15/A1BS, 
Mikromasch, CA, USA). Tips with a radius smaller than 20 nm may pro-
vide more details of the plasma-induced nanostructures. The scan area 
was set to 2 × 2 μm2 and 1 × 1 μm2, respectively. The data processing and 
the roughness evaluation were performed using the Nanoscope 6.13R1 
software (Veeco Instruments Inc., Santa Barbara, CA, USA).

Island density measurement by scanning 
electron microscopy
The plasma-treated PEKK and PEEK films were coated with Cr using 
a current of 20  mA and applied a vacuum of 6 Pa (sputter coater 
Polaron, Thermo VG Scientific, Germany) during a period of 30 s. The 
surface structures were investigated with the field emission scanning 
electron microscope (SEM) Supra 40 VP (Carl Zeiss, Jena, Germany) 
with an electron energy of 2 keV using the InLens detector at a work-
ing distance (WD) of 6.8 mm. For each specimen the island density 
was determined from four characteristic square areas each contain-
ing approximately 150 islands.

Water contact angle measurements
The wettability of the plasma-treated PEKK and PEEK films and their 
controls was determined with double distilled water (ddH2O) by the 
sessile drop contact angle method using a contact angle goniometer 
(Drop Shape Analysis System PSA 10 Mk2, Krüss, Hamburg, Ger-
many). Contact angles were measured in triplicate 5 s after placing a 
4 μL water droplet at room temperature.

Thermal analysis by differential scanning 
calorimetry (DSC)
For the thermal analysis, the PEKK and PEEK films with a mass of 
about 2  mg were encapsulated in a standard sample pan of alu-
minum to acquire differential scanning calorimeter (DSCQ1000, TA 
Instruments, Waters GmbH, Eschborn, Germany) data. The complete 
protocol, consisting of a first heating cycle from 40 to 400°C, subse-
quent cooling to 40°C and a second heating cycle again to 400°C, 
was conducted in a dry N2-atmosphere. The heating and cooling rates 
were set to 10 K per minute.

Results
Oxygen plasma treatments etch the surface of PEKK 
films in a similar manner as known from PEEK films. The 
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Figure 2 AFM images of the untreated, original and embossed 
PEKK (A,B) and PEEK (C,D) films as well as the embossed and oxygen 
plasma treated PEKK (E-H) and PEEK (I–L) films. The plasma power 
applied for 5 min and the employed polymer are indicated above 
each image. The height of the islands is color-coded. The AFM 
images represented have a size of 1 μm × 1 μm.

plasma treatment with a duration of 5 min and a plasma 
power between 25 and 150 W results in nanostructures of 
increasing size and gives rise to polymer surfaces with 
increasing roughness as represented by a series of AFM 
images for PEKK and PEEK, respectively, in Figure 2.

The generated nanostructures can be tuned control-
ling the plasma power. This observation is valid for both 
the original and the embossed PEKK films as demon-
strated by the series of AFM images and Figure 3.

The root-mean-square (RMS) roughness derived from 
the AFM measurements of the PEKK and PEEK films as sup-
plied corresponded to 7.1 and 7.0 nm, respectively, using a 
scanning range of (2 μm)2. The scanning range has promi-
nent impact. For a scanning range of (1 μm)2 the derived 
RMS roughness values corresponded to 3.9 nm for the PEKK 
and 2.3 nm for the PEEK films. After the hot embossing the 
RMS roughness of the films was reduced to 2.2 and 1.0 nm 
for PEKK and 0.5 and 0.5 nm for PEEK considering scan-
ning ranges of (2 μm)2 and (1 μm)2, respectively. The RMS 
roughness of the polymer films increases with the plasma 
power as shown in Figure 4A and are equal for the original 
and the embossed films within the error bars. Therefore, 
the data displayed in Figure 4 are averaged values of the 
data from the original and the embossed polymer films.
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Figure 3 AFM images of PEKK films plasma-treated before (A-F) and after embossing (G-L). The plasma power is indicated above each AFM image.
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Figure 4 RMS roughness (A) and island density (B) of plasma-
treated PEKK and PEEK films. The data shown are average values 
obtained from the AFM images and SEM images, respectively, of 
original and embossed polymer films.

The island densities derived from SEM images 
(images not shown), see Figure 4B, decrease with 
plasma power for both PEKK and PEEK films. As the 

island density measurement is generally considered 
to be more reliable compared to the determination 
of the RMS roughness, one can conclude that there is 
no significant difference in the surface morphology of 
oxygen plasma-treated PEEK and PEKK. Nevertheless, 
one can find a tendency that PEKK exhibits a smaller 
RMS roughness and a larger island density for the treat-
ments with a lower plasma power, a fact that seems to 
be contradictory.

Water contact angle measurements belong to the 
powerful characteristics in biomaterials research and 
development. This physico-chemical property does not 
only depend on the nanometer-scale roughness (15) but 
above all on the chemical composition of the biomaterials 
surface. For PEEK, it has been shown (23) that a contact 
angle of about 40° is beneficial. Therefore, a compara-
tive investigation of the contact angles on plasma-treated 
PEKK and PEEK is highly desirable. Figure 5 shows that the 
water contact angle for PEKK and PEEK films decreases 
with the applied plasma power.

In contrast to the measurements of the surface mor-
phology, there are significant differences between the 
water contact angles measured on PEEK and PEKK films. 
The water contact angle decreases as a function of the 
applied plasma power much more for the treated PEKK 
than for the treated PEEK films. The effect is more promi-
nent for the embossed PEKK films, as shown in Figure 5 
comparing the data in A and B.

As the mechanical properties of load-bearing implants 
mainly depend on the bulk properties and usually hardly 
on the surface chemistry and morphology, one has to 
identify potential modifications of the bulk characteris-
tics as the result of plasma treatments and embossing. 
The results of DSC, summarized in Table 1 as well as in 
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Figures 6 and 7, do not show any influence of the plasma 
treatment on the thermal properties of the PEKK films.

The thermal properties are closely related to the crystal-
linity of the polymer films. The embossing at temperatures 
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Figure 5 Water contact angle of plasma-treated PEKK and PEEK 
films. The term “as supplied” refers to the original films, which 
were not embossed.

Table 1 Thermal properties of the plasma-treated PEKK films.

Plasma intensity, W   Embossed   As supplied

0   25   50   75   100   125   150 0   25   50   75   100   125   150

1st heating
 Tg1, oC   153   152   151   153   152   153   153   154   154   154   154   154   154   154
 Tk1, oC   250   237   235   234   238   242   241   258   257   258   257   257   258   257
 ΔHk1, J/g   8   14   15   11   13   11   9   5   3   3   3   3   5   4
 Tm1, oC   301   298   298   29   298   299   299   303   303   302   302   303   303   303
 ΔHm1, J/g   8   15   16   20   14   13   15   4   5   5   6   5   4   4
Cooling
 Tgc, oC   150.5 ± 0.5   150.5 ± 0.5
2nd heating
 Tg2, oC   154.5 ± 0.5   154.5 ± 0.5
 Tk2, oC   260.0 ± 2.0   260.0 ± 2.0
 ΔHk2, J/g   3 ± 1   3 ± 1
 Tm2, oC   302 ± 1   302 ± 1
 ΔHm2, J/g   3.5 ± 0.5   3.5 ± 0.5

Tm, melting temperature; Tk, crystallization temperature; Tc, cold crystallization temperature; Tg, glass transition temperature; ΔHm, melting 
enthalpy; ΔHk, crystallization enthalpy; ΔHc, cold crystallization enthalpy.

above the glass transition temperature can influence the 
crystallinity and can have a significant impact on the 
mechanical properties of the polymer. Therefore, the DSC 
experiments were also performed with the embossed PEKK 
and PEEK films. These data given in Figure 7 demonstrate, 
however, that the embossing process used does not change 
the thermal properties of plasma-treated PEKK and PEEK.

Table 1 for PEKK and Table 2 for PEEK list the thermal 
characteristics derived from the DSC measurements. They 
do not only show that there is no difference between the 
original (as supplied) and the embossed films for the 
thermal quantities derived from DSC, but also indicate 
prominent differences for the first heating cycle.

The rather small endothermic peak, seen in the graphs 
of Figures 6B and 7B, denote the relaxation enthalpy, 
which accompanies the glass transition Tg and is similar 
for the applied plasma treatments. The endothermic peak 
observed in the graphs at a temperature of (302 ± 1)°C for 
PEKK and (341.0 ± 0.5)°C for PEEK indicates the melting 
temperatures Tm of the PEKK and PEEK films, respectively. 
These endothermic peaks give rise to a melting enthalpy 
ΔHm2 = (3.5 ± 0.5) J/g for PEKK and a melting enthalpy 
ΔHm2 = (47 ± 1) J/g for PEEK. The exothermic peak at a tem-
perature of (298 ± 1)°C, see graphs in Figures 6D, 6E, 7D, 
and 7E, corresponds to the crystallization temperature Tc 
for PEEK. Here, we derived a cold crystallization enthalpy 
ΔHc of (53 ± 1) J/g. The melting enthalpy and the cold crys-
tallization enthalpy did not vary for the different plasma 
intensities for the original and the embossed PEEK films. 
Thus, the effect of the plasma treatment on the thermal 
properties PEEK films is negligible.
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We found, however, a strong difference between the 
embossed PEKK and PEEK films and their not embossed 
counterparts within the first heating cycle of the DSC 
measurement as summarized in Tables 1 and 2. This clear 
increase in the crystallinity, however, does not correlate 
with the applied plasma power.

Discussion and conclusions
Nanostructuring of polymers is an evolving field. Plasma-
induced roughness on polymer surfaces has been known 
for a much longer period of time than a decade (27). While 
data of many polymers including PEEK (23) have been 
available, the results of plasma treatments on PEKK are 
unknown to the best of our knowledge.

PEEK and PEKK resemble not only with respect to 
their structure but exhibit very similar nanostructures after 

oxygen plasma treatment. The nanostructures on PEKK can 
be tailored by the choice of the plasma power as known 
from PEEK (24). Considering the surface morphology of 
PEKK and PEEK plasma-treated under equivalent condi-
tions, it is difficult to identify any difference. Although the 
roughness of the plasma-treated surfaces is directly pro-
vided by the AFM system, the choice of the scanning speed 
and scanning range has an influence on the derived values. 
We selected a reasonably sized area of 2 μm × 2 μm to obtain 
error bars that can be tolerated. SEM images of Cr-coated 
nanostructures served for the determination of the island 
density. The metal coating process using a sputter coater, 
a reactive process, may cause ramifications of the existing 
plasma-induced nanostructures. Thus, the error bars of 
the nanostructure density measurement were set to 10% 
although the counting is much more precise.

The water contact angle measurements accentuate 
the different surface properties of plasma-treated PEKK 
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Table 2 Thermal properties of plasma-treated PEEK films.

Plasma 
intensity, W

 
 

Embossed 
 

As supplied

0  25  50  75  100 0  25  50  75  100

1st heating
Tg1, oC   156  153  153  153  154  145  144  145  144  145
Tk1, oC   194  181  180  182  188  173  173  173  173  173
ΔHk1, J/g   4  7  8  8  8  39  35  36  36  36
Tm1, oC   341  340  341  341  341  342  342  342  342  342
ΔHm1, J/g   39  39  38  40  39  37  40  39  40  39
Cooling
Tc, oC   298 ± 1  298 ± 1
ΔHc, J/g   53 ± 1  53 ± 1
Tgc, oC   144 ± 1  144 ± 1
2nd heating
Tg2, oC   147 ± 2  147 ± 2
Tm2, oC   341.0 ± 0.5  341.0 ± 0.5
ΔHm2, J/g   47 ± 1  47 ± 1

Tm, melting temperature; Tk, crystallization temperature; Tc, 
cold crysta llization temperature; Tg, glass transition temperature; 
ΔHm, melting enthalpy; ΔHk, crystallization enthalpy; ΔHc, cold 
crystallization enthalpy.

and PEEK films. As the outcome of stem cell experiments 
favors substrates showing a contact angle of about 40° 
(25), PEKK films to be applied in cell and animal experi-
ments should be plasma-treated with a power of 25 W. 
Additional process steps such as embossing should be 
avoided since they can give rise to water contact angles 
of significantly  < 20°. There are, however, studies related 
to other biomaterials (28–30), which favor water contact 
angles down to zero. As a consequence, PEKK might be 
even better suited for bone implants than PEEK.

The plasma treatments change the surface biocom-
patibility but do not significantly alter the bulk proper-
ties of PEKK and PEEK. Therefore, we can conclude that 
plasma treatments can be applied without influencing 
the mechanical properties of polyaryletherketone-based 
medical implants. Thermal treatments such as embossing 
with temperatures above Tg shift the implant towards the 
thermal equilibrium and thereby can modify the mechani-
cal properties of PEEK and PEKK medical implants. Hence, 
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it might be advantageous to thermally treat the implants 
before the plasma treatment is carried out.

The PEKK and PEEK films were heated twice for the 
DSC study in order to destroy the thermal history. The 
thermal quantities, i.e. the glass transition temperature Tg 
and the melting temperature Tm, derived from the second 
heating cycle (cf. Tables 1 and 2) closely match to the 
values published in the related datasheets of PEKK (31) 
and PEEK (32) films.

In summary, the hypothesis that the oxygen plasma 
treatment allows the preparation of nanostructures on 
the surfaces of PEKK films in a similar manner as on the 
ones of PEEK (23, 25) is validated. The nanostructures 
that can be tailored by the choice of the plasma power 
are expected to improve the osseointegration of PEKK 
implants. These nanostructured PEKK implants are 

especially promising for bone implants in load-bearing 
applications.
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