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A B S T R A C T

Polyetheretherketone (PEEK) is an alternative to metallic implants and a material of choice in many applications, including orthopedic, spinal, trauma, and dental.
While titanium (Ti) and Ti-alloys are widely used in many intraosseous implants due to its biocompatibility and ability to osseointegrate, negatives include stiffness
which contributes to shear stress, radio-opacity, and Ti-sensitivity. Many surgeons prefer to use PEEK due to its biocompatibility, similar elasticity to bone, and
radiolucency, however, due to its inert properties, it fails to fully integrate with bone. Accelerated Neutral Atom Beam (ANAB) technology has been successfully
employed to demonstrate enhanced bioactivity of PEEK both in vitro and in vivo. In this study, we further characterize surfaces of PEEK modified by ANAB as well as
elucidate attachment and genetic effects of dental pulp stem cells (DPSC) exposed to these surfaces. ANAB modification resulted in decreased contact angle at
72.9 ± 4.5° as compared to 92.4 ± 8.5° for control (p < 0.01) and a decreased average surface roughness, however with a nano-textured surface profile. ANAB
treatment also increased the ability of DPSC attachment and proliferation with considerable genetic differences showing earlier progression towards osteogenic
differentiation. This surface modification is achieved without adding a coating or changing the chemical composition of the PEEK material. Taken together, we show
that ANAB processing of PEEK surface enhances the bioactivity of implantable medical devices without an additive or a coating.

1. Introduction

Over the past two decades, polyetheretherketone (PEEK) has been
increasingly used as an alternative to metal implants in orthopedic and
dental surgery because of its mechanical and biological properties as
well as its radiolucency. One of the main reasons to use PEEK in place of
metal alloys is to eliminate concerns regarding potential metal allergies
[1,2]. The ability to manipulate the modulus of elasticity of PEEK to
more closely match that of bone reduces the possibility of stress
shielding and bone resorption. Despite the benefits of PEEK, its inert
nature means that it fails to promote an adequate bone integration.
Many studies have investigated surface modification methods to aug-
ment direct bone-implant contact. These methods include physical
treatments (plasma) [3], chitosan film deposition [4–6], chemical
treatment [7], calcium phosphate or titanium surface coatings [8–11],
as well as the use of composites with hydroxyapatite (HA) [12,13].
However, the clinical success of these treatments may be limited be-
cause of reduced strength of the PEEK substrate and delamination of
various coatings in physiological environments due to the stress con-
centration at the PEEK-coating interface [14]. While titanium implants
have been the standard in dental and many orthopedic applications,

they are increasingly being recognized to elicit either an immediate
(type I, antigen/antibody based) or delayed (type IV, cell-mediated)
allergen response in a subset of individuals, which may cause implant
failure in these patients [15].

In continuation of previous studies, we have employed a relatively
recent technology called Accelerated Neutral Atom Beam (ANAB) that
can modify the surface of an implantable medical device to a shallow
depth of no greater than 2–3 nm [16,17]. The ANAB technique, de-
scribed earlier in detail [18], employs an intense directed beam of
neutral gas atoms, which have average energies that can be controlled
over a range from a few electron volts (eV) to over 100 eV per atom.
These neutral atom beams are produced by dissociating energetic gas
cluster ions produced by the Gas Cluster Ion Beam (GCIB) technique
[19].

The first goal of this study was to further characterize the effects of
ANAB treatment on the surface chemistry and bioactivation of PEEK.
Secondly, we aim to establish a fundamental understanding of the ge-
netic mechanism behind stem cell interactions with ANAB-modified
PEEK surface. We accomplish that by assaying the ability of dental pulp
stem cells (DPSC) to maintain their stemness, enhance their pro-
liferative ability and differentiate towards bone on the modified
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surface.

2. Materials and methods

2.1. Sample preparation

PEEK films (0.1 mm thick, Solvay Plastics) were cut to
5 mm×5 mm coupons. PEEK coupons were then either left as control
or further treated by ANAB processing on an nAccel100 accelerated
beam processor (Exogenesis Corp, Billerica, MA) at an effective dose of
5× 1016 argon (Ar) atoms per cm2. PEEK coupons were sterilized prior
to studies by autoclaving for 45min at 121 °C and pressure P=0.5 atm.

2.2. X-ray photoelectron spectroscopy (XPS)

The photoelectron spectra of the PEEK samples were obtained on an
ESCALAB MKII electronic spectrometer (VG SCIENTIFIC, UK) equipped
with a monochromatic Mg-Kα source at 1253.6 eV and operating at
50W power. The micro-focused X-ray beam was raster scanned to an
analysis area of 200 μm×200 μm. The energy of the emitted electrons
was measured with a hemispherical energy analyzer at pass energy of
20 eV with step change of 0.1–0.2 eV for high-resolution spectra and
50 eV with step change of 0.5 eV for survey spectra. The binding energy
(BE) scale was referenced to the C-C peak maximum in the C 1s spectra
at 284.8 eV. Dual beam charge neutralization eliminated any sample
charging. Typical pressures in the analysis chamber during spectral
acquisition were equivalent to 5×10−9 mbar (5×10−7 Pa). A quali-
tative analysis based on the known chemical formula of PEEK and
possible impurities was performed, followed by a quantitative char-
acterization of the atomic concentrations in a thin surface film.

The qualitative composition was performed according to the atlas of
the XPS spectra [20–22] and the online databases [22,23]. In quanti-
tative analysis, the following formula was used:
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Where, Xi is the atomic concentration, Si is the area under the corre-
sponding XPS peak, σi is the photoionization cross-section for the se-
lected element line using the data from CASA XPS database [22], and λi
is the mean free path of the characteristic electrons in the sample for
each corresponding line. At detection angles close to normal, we used
the Cumpson approximation for the ratio of electron mean free paths
[24]:
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Where Ekin 1,2 is the kinetic energy of the electron, Ehν is the energy of
the X-ray photon (1253.6 eV), Ebond,i is the binding energy of the given
line/peak. The calculations also used the mean free paths calculated by
the QUASES-IMFP-TPP2M program [25] using the Tanum-Powell-Penn
TPP-2M formula [26].

2.3. IR spectroscopy

The IR-Fourier spectrum of PEEK samples was recorded on a Bruker
Equinox 55 instrument in the middle IR range without special sample
preparation, with the aid of a mirror attachment from PIKE
Technologies Inc., and the angle of incidence of 30°. The acquired
spectrum was transformed to the form of absorption and processed
using OPUS_6.0 software [27] and other published data from Refs.
[28,29].

2.4. Atomic force microscopy

Measurement of the surface roughness of polymer films was carried
out using a scanning probe atomic force microscope Smart SPMTM-
1000 in a semi-contact mode at a resonant cantilever frequency of
260.6 kHz and an amplitude of 20 nm. The root-mean-square surface
roughness was analyzed in the IAPro 2.0.10 program. The average
surface roughness was determined from the data of three
10 μm×10 μm scans for each of the samples.

2.5. Contact angle evaluation

Contact angle was measured using the sessile drop method on a
manual simplified device. A 2 μl droplet of deionized water, physiologic
saline solution, or fetal bovine serum (FBS) at room temperature (20 °C)
was placed on the flat PEEK surfaces and imaged on a stand using a 5-
megapixel PL-A741 (PixeLINK) video camera, an OBJ-11 MMS
(Edmund Optics), and Fiber-Lite DC-950 (Dolan-Jenner Industries)
system, providing uniform illumination. The droplet angles were mea-
sured by ImageJ software (NIH) with the Contact Angle plugin. Five
individual evaluations for each condition were measured and averaged
to compare treated and untreated PEEK surfaces. The statistical sig-
nificance between the groups was calculated using the Mann–Whitney
U test, values of p < 0.05 were considered significant.

2.6. Cell culture

Human tooth postnatal dental pulp stem cells (DPSC) were isolated
from the rudiment of the third molar extracted by orthodontic indica-
tions as previously described [30]. Cells were grown in DMEM/F12
medium supplemented with 10% fetal calf serum (FBS, HyClone) in a
humidified incubator, at 37 °C, and 5% CO2. The medium was changed
after 24 h in the primary cell culture, then 48 h later. The cells were
maintained until formation of dense growth islets or formation of a
monolayer of cells and then passaged for growth. Cells in the third and
fourth passages were used for this study.

2.7. Transgenic cell cultures GFP-DPSC preparation

LVT-TagGFP2 lentivector (Eurogen, Russia) was used for producing
the transgenic cultures of DPSC cells carrying the green fluorescent
protein gene (GFP-DPSC). The cells were transduced according to
Moffat J. et al. [31], briefly DPSC from the 2nd passage were main-
tained in a 24 well plate at 104 cells/well. A day after seeding, 105

lentiviral particles were added to the culture medium; the culture
medium was changed after one day. On day 3 after infection, the de-
velopment of GFP expression by fluorescence level was observed in the
cells using a fluorescence microscope. 2 μg/ml Puromycin (Santa Cruz,
USA) was added, and the antibiotic selection of the cells was carried out
for 5 days. The resulting cell culture (GFP-DPSC) was used to study the
adhesion and growth of cells on the surface of PEEK by fluorescence
microscopy.

2.8. Determination of adhesive characteristics of material surfaces and their
ability to maintain cell proliferation

GFP-DPSC cells were seeded on control or ANAB-treated PEEK
(5 mm×5 mm, n= 3 per study) at a concentration of 40,000 cells/
cm2 (DMEM/F12 + 10% FBS medium) in 24-well dishes, glass slides of
the same size were used as controls. One (1) and 3 days after seeding,
cells on the surface of the materials were imaged using an Axiovert 200
fluorescent microscope with, λexcit = 450–490 nm, and
λemiss = 515–565 nm. Samples were then prepared for Scanning
Electron Microscopy (SEM). PEEK or glass slides with GFP-DPSC were
washed in 0.1M phosphate-buffered saline (pH 7.4) and fixed for 12 h
at 5 °C in a 2.5% buffered solution of glutaraldehyde. After fixation, the
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samples were washed with water and dehydrated at 4 °C in increasing
concentrations of ethanol: 50%, 75%, 80%, 90%, and 100%; two rinses
of 5min in each concentration. Samples were then placed in hexam-
ethyldisilazane (HMDS) for 30min, and then air dried. The micro-
structure of the samples was studied using a scanning electron micro-
scope with a Tescan Vega II field emission source (TESCAN, Czech
Republic) in secondary electrons (a SE detector) at an accelerating
voltage of 20 kV.

2.9. Cell attachment and proliferation

Cell attachment and proliferation were studied on PEEK coupons or
glass slides using 24-well dishes at a concentration of 40,000 cells/cm2

in DMEM/F12 + 10% FBS.
At each time point, cells were stained with SYTO 9 and propidium

iodide and the viability of the cells was assessed using an Axiovert 200
fluorescent microscope at λexcit = 450–490 nm, and
λemiss = 515–565 nm for living (green) cells and at λexcit = 546 nm,
and λemiss = 575–640 nm for dead (red) cells.

2.10. Gene expression study

DPSC cells were seeded on control or ANAB-treated PEEK coupons
or glass slides (5 mm×5 mm, n= 4 for each study) at a concentration
of 40,000 cells/cm2 (DMEM/F12 + 10% FBS medium) in 24-well
dishes for 1, 15, and 35 days. Media was changed every 3 days.

RNA from cells was prepared using the isolation of full-length poly
(A) mRNA on magnetic particles (Sileks, Moscow). The resulting mRNA
was used for the synthesis of complementary DNA (oligo (dT) 15,
Sileks). cDNA was then used as a template for real-time PCR, which was
performed on an ABI Prism 7500 Sequence Detection System (Applied
Biosystems) instrument using a Synthol kit containing SybrGreen in-
tercalating dye and a reference ROX dye. Marker genes were selected
from the PCR profiling database from Qiagen (http://www.
sabiosciences.com). The primers for each marker gene were selected
using the PrimerEpress program (Applied Biosystems); the primer
length averaged 24 nucleotides, and the length of the amplified frag-
ment is 94–100 nucleotide pairs. The reaction was carried out ac-
cording to the following scheme: 1 cycle 95 °C - 5min; 2 - 40 cycles
95 °C - 30 s, 60 °C - 40 s; 1 cycle (dissociation stage) 95 °C - 15 s, 60 °C -
1min, 95 °C - 15 s.

The amplification products were checked by electrophoresis in 2%
agarose for verification of the specificity of the reaction. Real-time
analysis of the data was performed by threshold fluorescence using the
2−ΔΔCt method. The obtained expression data were analyzed, using
online services (http://www.sabiosciences.com/), the program
mayday-2.14 [32], and the Genesis program [33].

3. Results and discussion

3.1. X-ray photoelectron spectroscopy (XPS)

XPS method is widely used for analysis of PEEK surfaces treated by
different techniques (e.g. Refs. [5,34–37]). Plasma treatment of
polymer has been shown to increase the surface oxygen content, par-
ticularly carbonyl/ester and carboxyl type groups. Relative ratio of
different chemical groups containing oxygen at the PEEK surface was
estimated in Refs. [5,16]. XPS analysis of the ANAB-treated PEEK sur-
face revealed bond rearrangements on both the carbon (C1S) as well as
the oxygen (O1S) spectra. Shifts were calculated with respect to the
carbon binding energy in aromatic compounds of 284.7 eV (0.3 eV
lower than in aliphatic ones).

In the control PEEK sample (Fig. 1A), the shifts were +7.97 eV and
−1.1 eV. The binding energy of the main oxygen peak was 532.35,
which corresponds to the aliphatic oxygen in the ether compounds.
Qualitative composition of carbon: about 96% aromatic, about 4%

bound to oxygen in aliphatic orientation. In the ANAB-treated PEEK
sample (Fig. 1B), the shifts were +7.27 eV and −1.75 eV. The binding
energy of the maximum peak of oxygen was 532.2–532.4 (for each of
the pairs of peaks), which corresponds to the ether oxygen in both the
aromatic and aliphatic compounds respectively. Qualitative composi-
tion of carbon: about 90% aromatic, about 10% bound in aliphatic
orientation to oxygen.

In general, the spectra are similar, the peaks consist of the same
components. Relative amounts of oxygen and various forms of carbon
are reproduced well; there is no addition or modifications to the che-
mical composition, however, the binding energy of the oxygen spectra
increases in a few fragments: CH2eOe, C]O, C(arom)eOe. This may
be similar to other techniques where an increase in carboxyl groups is
observed, thereby potentially increasing cell attachment.

3.2. IR spectroscopy

Samples of control and ANAB-treated PEEK were investigated by IR
Fourier spectroscopy. A method of specular reflection is well suited for
studying the surface of this material since it is characterized by the

Fig. 1. XPS C1s spectra for control (A) and ANAB-modified (B) samples.
Changes in binding energies suggest minor bond rearrangements including
additional carboxyl ends.

J. Khoury, et al. Bioactive Materials 4 (2019) 132–141

134

http://www.sabiosciences.com
http://www.sabiosciences.com
http://www.sabiosciences.com/


lowest depth of penetration among all methods of recording IR spectra
available to us. The spectra obtained by specular reflection are a su-
perposition of the reflection and transmission spectra. Usually the best
results are obtained with an angle of incidence of radiation of the order
of 45° and with a coating thickness of about 0.01mm. Fig. 2 shows the
IR spectra of the ANAB-treated PEEK sample (blue) compared to the
library spectrum for PEEK (orange). The presence of an aromatic group
is found in the bands 3030 and 1600-1500 cm−1, the nature of the
substitution is determined by absorption below 900 cm−1.

The presence of a group corresponding to ethers with aromatic
substituents is confirmed by absorption in the region of
1280–1010 cm−1. The carboxyl group is found by intensive absorption
at 1664 cm−1, which very well corresponds to the data for aromatic
ketones. In addition, it should be noted that the sample contains free
water, the presence of which is easily detected by absorption in the
region of 3330–3700 cm−1.

The spectrum of both the control and ANAB-treated PEEK sample
are in good agreement with the library spectrum of the PEEK of the
trademark Talpa-K-200, CAS No. 108568-51-0, studied in the form of a
beige crystalline film. The absorption in the 2700-2200 cm−1 region
refers to the crystallinity bands. Samples of the control and the ANAB
treated PEEK have practically the same IR spectra in that region.

3.3. Surface wettability

The surface charge and its wettability determine the surface pro-
teomic profile, and subsequently the interaction with cells through the
adsorption of the adhesive proteins of the serum [38]. Contact angle
measurements of wettability are essential evaluations of biomaterial
properties [39]. Polymer surfaces with a high content of eCH3,
eCH]CH2 groups form hydrophobic surfaces (θа > 80о), while
eCOOH, eNH2-groups form moderately hydrophobic surfaces
(θа=48-62о) and -PEG and eOH groups form hydrophilic surfaces
(θа < 35о). Attachment and cell spreading is most pronounced on
moderately hydrophobic surfaces (θа=48-62о), while hydrophobic or
nonionic hydrophilic surfaces inhibit interaction with cells.

Measurement of the stationary contact angle of wetting showed a
significant change in the wettability of the surface of PEEK polymer
films exposed to ANAB treatment as compared to the untreated surface.
The average value (n=10) of the contact angle of water surface wet-
ting decreased from 92.4 ± 8.5° on the untreated surface to
72.9 ± 4.5° for the ANAB-treated PEEK surface. The contact angle of

physiologic saline solution surface wetting decreased from 87.6 ± 2.4°
on the untreated surface to 66.1 ± 4.3° for the ANAB-treated PEEK
surface. The contact angle of FBS surface wetting decreased from
79.0 ± 9.1° on the untreated surface to 60.4 ± 5.8° for the ANAB-
treated PEEK surface. There was no significant difference between the
values of the contact angles of wetting the surface with different liquids.
At the same time, all three series of measurements showed significant
differences in the contact angles of the ANAB-treated and untreated
PEEK surfaces (Fig. 3).

3.4. Surface morphology

The issue of regulating surface roughness is important for devel-
oping new biomaterials and optimizing substrate properties for the
growth of mammalian cells. Even small changes in the substrate surface
profile can lead to a change in the cellular response, ranging from an
increase in cellular activity to a significant inhibition. It has been shown
that the surface roughness at the nanometer level affects the adhesion
and proliferation of cells on the substrate, determines the motor activity
of cells and the degree of their polarization, and affects the synthesis of

Fig. 2. IR Fourier spectrum of the library spectrum of PEEK (The Hummel Infrared Standards Distributed by Chemical Concepts, Weinheim, Germany COPYRIGHT
(C) 1991 D.O.HUMMEL, ICP UNIVERSITY COLOGNE, GERMANY; orange line) as compared with the ANAB-treated PEEK sample (blue line).

Fig. 3. Surface wettability of the control surface (white bars) and ANAB-treated
PEEK surface (hatched bars) with different liquids: 1- deionized water; 2-
physiologic saline solution; 3- fetal bovine serum. ANAB-treatment results in
significantly (*, p < 0.02) more hydrophilic surface for all liquids tested.
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Fig. 4. AFM analysis of the surface profile of the initial (A) and ANAB modified (B) surface of the PEEK film, (10 μm resolution); (A) Ra= 4.63 ± 0.78 nm; (B)
Ra=3.45 ± 0.52 nm. Although ANAB-treated PEEK surface is smoother as seen by Ra, a nano-scale topography is apparent.

Fig. 5. The appearance of DPSC cells (ALU-GFP, by fluorescent microscope) growing on the untreated (A, B) and ANAB-treated (C, D) surfaces of PEEK, after 24 h (A,
C) and after three days (B, D) after inoculation. Appearance of DPSC cells (ALU-GFP) cultivated on the surface of the cover glass after 24 h (E) and after three days (F)
after inoculation. 100 μmbar.
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specific proteins [40]. The influence of substrate nanotopography on
cell gene expression and differentiation has been pointed out, but little
is known about the interplay of these cues [41–43]. Mechanisms that
regulate cell behavior and differentiation are poorly understood due to
differences in cell type, substrate material, geometry and parameters
measured.

In this study, we show a slight decrease in the average surface
roughness of ANAB-treated PEEK (Fig. 4B, Ra=3.45 ± 0.52 nm) as
compared to the control sample (Fig. 4A, Ra=4.63 ± 0.78 nm).
However, the ANAB-treated PEEK displays a more textured surface
profile, which may cause a significant change in the wettability of the
surface as well as promoting the adhesion of proteins and cell

proliferation.

3.5. Viability, adhesion and proliferative activity of human DPSC on the
surface of PEEK

The viability and distribution of DPSCs on the treated and untreated
surfaces were visualized using SYTO9 staining at days 1 and 3. We
found that cells were well spread and randomly distributed onto the
entire surface of the samples. The proliferation of cells was observed on
both the control and ANAB-treated samples at 1 and 3 days after
seeding and was confirmed by the results of DPSCs adhesion density. At
day 3 there was significant difference in the viability and cell adhesion

Fig. 6. Scanning electron microscopy (SEM) images of DPSC cells cultivated on the untreated (A, B) and ANAB-treated surfaces (C, D) of PEEK, 24 h after seeding.

Fig. 7. SEM images of DPSC cells cultivated on the untreated (A, B) and ANAB-treated surfaces (C, D) of PEEK, 72 h after seeding.

J. Khoury, et al. Bioactive Materials 4 (2019) 132–141

137



Fig. 8. Change in gene expression in cells growing on ANAB-treated surface in comparison with control PEEK at 1, 15 and 35 days after seeding. Color gradations
from black to blue reflect the degree of inhibition of gene expression, gradation from black to red represent the level of upregulation with respect to controls. Genes
are color grouped based on functionality.
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between ANAB-treated and untreated surfaces, with significantly higher
adhesion density and number of cells on the ANAB-treated surface
compared to untreated surface (Figs. 5–7).

3.6. Gene expression study

The phenotypic expression profile of cells growing on the surface of
control and ANAB-treated PEEK was evaluated by real-time PCR.

Expression of marker genes reflecting the processes of proliferation and
differentiation, maintenance of stem capacity, apoptosis and necrosis
was investigated. The process of cell differentiation usually requires at
least 2 weeks. We determined the starting level of gene expression of
DPSCs on day 1 after seeding and investigated the level of change on
days 15 and 35, which made it possible to identify the change dynamics
of the expression of 92 human genes responsible for various in-
tracellular processes on the surface of control and ANAB-treated PEEK.
We found differences in the expression of several genes (Fig. 8). Gene
affiliations to identify different clusters and markers are shown using a
color scale (Fig. 8).

Expression of the house-keeping genes ACTIN, RPLP and GAPDH
served as internal controls for all subsequent assays. Real-time quanti-
tative PCR analysis of the expression levels of proliferation markers
(Fig. 9) identifies that on day 15, CDKN1B, SKP2, CUL1, CCNB2 and
WEE1 gene expression were significantly higher on ANAB-treated PEEK
than on the untreated surface. On day 35, ANAB-treated surfaces result
in upregulation of the CDC6, CCNA2, CCNB and CDK7 genes. These
results are in agreement with the visual data collected (Figs. 5–7).

Expression levels of anti-apoptosis, division, and cell migration
markers of DPSCs on ANAB-treated PEEK (Fig. 10) showed early stage
decreased expression for regulators of the fission symmetry and chro-
matin modulators (TERT, DHH, NUMB). At the same time, expression of
the anti-apoptosis genes NOS2 and BCL2 were upregulated. On day 15,
the greatest transcriptional activity was observed for the genes NUMB,

Fig. 9. Changes in the expression of proliferation markers of DPSC growing on
ANAB-treated PEEK in relation to control PEEK. Many of the proliferation genes
are upregulated in response to the ANAB surface.

Fig. 10. Changes in the expression of anti-apoptosis, cells division and migra-
tion markers of DPSC growing on ANAB-treated PEEK in relation to control
PEEK.

Fig. 11. Changes in the expression of differentiation markers of DPSC growing
on ANAB-treated PEEK in relation to control PEEK. Many of the genes re-
sponsible for osteogenesis are upregulated in response to the ANAB surface.

Fig. 12. Changes in the expression of self-renewal and stemness markers of
DPSC growing on ANAB-treated PEEK in relation to control PEEK. Several genes
involved in maintenance of stemness are upregulated in response to the ANAB
surface.

Fig. 13. Changes in the expression of stem reduction, autophagy, necrosis and
pro-apoptosis markers of DPSC growing on ANAB-treated PEEK in relation to
control PEEK.
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SIRT1 (symmetry of cell division) and MCL1 (anti-apoptosis). It is also
worth noting the very high level of expression of the anti-apoptotic
marker TRAF2 observed on day 35 which was downregulated at the
earlier time points. Increased levels of expression of the differentiation
marker genes - TNF, TGFBR1, RUNX2, IGFR1, IGF1, BMP1 and BGLAP
were observed on ANAB-treated PEEK (Fig. 11), showing that cells are
differentiating towards osteoblasts. At the same time, VDR transcription
activity decreased significantly, which indicates that the cells do not
reach terminal differentiation.

Transcription of self-renewal markers and stemness on the ANAB
processed surface for JAG1, NOTCH1, NOTCH2, SOX1, BMP7, NANOG
and CD24 genes (Fig. 12) was upregulated at day 1. By day 15, the
increased level of JAG1, NOTCH2 gene transcription was maintained on
the ANAB-processed surface but was reduced for BMP7 and NANOG.
However, NANOG, MYC, and SOX1 were once again upregulated at day
35. This indicates that some cells retain their stemness for a potentially
longer time when growing on the ANAB-treated surface as compared to
control. At day 15 and 35, we observed an increase in the transcrip-
tional activity of the stem-reduction markers genes (FOXA3 and
PITCH1, Fig. 13), and the expression of the pro-apoptosis markers (FAS,
TNFRSF1 and CFLAR) and one marker of necrosis (RAB25) on ANAB-
treated surfaces. Thus, judging by the transcription activity, the ANAB
treatment of the surface stimulated the cells to osteogenic differentia-
tion, while the cells retained a high status of stem and mitotic activity.

At an early stage of cell growth on the ANAB treated PEEK surface,
compared with the untreated, a reduced level of transcription of the
TERT, DHH, NUMB, PARD6A, BMPR1A, TGFBR1, VDR, APC, CDKN1B,
CDKN2B, FOXP1, CD34, BIRC3, TRAF2, CD40 and TNFRSF1 genes was
observed. The increased expression level was in NOTCH1 genes,
BGLAP, IGF1 and IGFR1 and some others (SOX1, MCM2, CD24,
NANOG, NOS2, BMP7, BCL2) markers of osteogenesis. With longer
culture, the transcription activity of most genes did not differ with the
growth of cells on the ANAB untreated and treated material, but for
individual osteogenesis marker genes (BMP1, COL3A1, IGF1, IGFR1,
RUNX2, SPP1, TNF), the growth of cells on the ANAB treated material
resulted in an increase in transcriptional activity genes. Also, in the
cells on the ANAB treated material, the concentration of the mRNA of
TERT and NANOG (pluripotency markers) and TRAF2 (an anti-apop-
tosis marker) was significantly increased. It should be noted that in the
cells on the processed PEEK, the transcriptional activity of proliferation
markers increased (CDC6, WEE1, CCNA2, CCNB2, CUL1, SKP2, CCNB1,
CDK7).

4. Conclusions

We have shown that exposure to ANAB treatment affects the bio-
logical activity of cells cultured under in vitro conditions on the PEEK
surface. Change in the average roughness of the ANAB-treated PEEK
surface in the absence of a change in the chemical composition of the
surface, led to an increase in the wettability of the surface of the
polymer film. We have shown that when human DPSC cells grow on a
nanotextured ANAB modified surface, there is an increase in cellular
adhesion and proliferative activity, and an increase in the level of
protein expression and activity of the cytoskeleton. ANAB processing of
the PEEK surface does not change the chemical structure of the mate-
rial, but it does modify its hydrophilic-hydrophobic properties due to
changes in the surface roughness. The moderate-hydrophilic surface of
the polymer subjected to ANAB processing promotes the adhesion and
growth of human dental pulp stem cells and their differentiation in the
osteogenic direction.

The comparison of the expression pattern of marker genes that re-
flect the processes of proliferation and differentiation, maintenance of
stem cells, apoptosis and necrosis, at different times of culture of DPSC
cells on the surface of modified and unmodified PEEK showed that
isolated cells are more sensitive even to nano-scale surface roughness.

Our studies show that regulating surface roughness is important for

the development of new biomaterials, since even small changes in the
surface profile of the implant can lead to a change in its hydrophilic-
hydrophobic properties and cellular response. A new method for
modifying the surface of polymeric materials using accelerated neutral
atom beam technology can improve the biological activity of polymer
materials for implantation without changing the chemical composition
of the surface.

This ANAB surface modification can enhance PEEK biomaterials
that have better physical attributes such as modulus of elasticity or
radiolucency, however, are inert. ANAB-treated PEEK, therefore, could
be used as a replacement material both untreated PEEK as well as ti-
tanium, for patients that have metal sensitivity. Future long-term stu-
dies in animal models will be pursued to evaluate in vivo effects.
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