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Abstract

Ultra-high-molecular-weight polyethylene (UHMWPE) has been treated by a helium/oxygen
Dielectric Barrier Discharge as well as a rotative blown arc atmospheric pressure plasma jet
(rAPPJ) in air to improve its bioactivity for total joint replacement implants as a biocompatible
polymer. The latter was checked by increased adhesion of fibroblast cells to the polymer. The
treated UHMWPE once immersed in a simulated body fluid (SBF) induced the formation of
nucleus of hydroxyapatite (calcium phosphate) leading to the growth of a thick apatite coating,
followed up to 14 days. Contrary to DBD treated polymer, the detection of NO2/NOs groups
besides the oxygen ones by XPS in the case of the APPJ treated UHMWPE, probably explains why

the cell adhesion was not good on such surfaces.

Introduction

Ultra-high molecular-weight polyethylene (UHMWPE) is biocompatible but not bioactive, which
limits its potential biomedical applications. Since UHMWPE is a hydrophobic polymer,
characterized by non-polar moieties, it does not possess functional groups on the surface to favor
attachment of any coating (e.g. apatite layer) which therefore leads to a low chemical reactivity
and poor bioactivity. Therefore increasing the number of polar groups on the surface of

UHMWPE, is intrinsic to enhance its bioactivity and bone bonding ability. [1] [2].

Starting in the 1970s, several surface treatment methods such as chemical, physical, thermal
surface modifications, as well as coatings and some biomimetic methods were employed to
render UHMWPE bioactive. Among the different surface modification methods used in the case
of UHMWPE, plasma treatment is one of the most effective one. Plasma modification can easily

introduce polarizable groups on the surface of materials using different reaction gases which



result in improving surface hydrophilicity and roughness for enhanced wetting, dyeing, printing
and adhesion properties to other coatings [3-9] .Atmospheric pressure plasma is a beneficial
technology due to its versatility, low-cost , ability to produce reactive chemistry at room

temperature and flexibility in terms of its operation and integration for in-line processing.

Depending on the energy, chemistry and the reactivity of the plasma-created species, different
modifications can take place, e.g. functionalization, degradation, and crosslinking [10]. The main
reactions occurring at the surface of polymers in 0, air, or NO, plasmas are oxidizing ones,
leading to functionalization with oxygen moieties onto the surface, while plasmas in noble gases
apart from post-oxidation of free radicals created during the plasma treatment, will mainly
produce cross-linking of polymer layers on the surface. Helium with its low degradation effect
due to its low momentum, low breakdown voltage at atmospheric pressure and its high energy
metastables, allows to obtain a homogeneous glow discharge at atmospheric pressure, which has
been intensively used for the treatment of UHMWPE [5, 11-17]for improving its wear resistance
and adhesion characteristics. According to the literature, the addition of 1 % of O, to helium in
a DBD reactor improves the hydrophilicity of polymer surfaces due to the introduction of oxygen
bearing groups such as hydroxyl, carbonyl and carboxylic groups [12][18].

Since 1990 Simulated Body Fluids (SBF) has been used for in vitro study of bioactivity of
biomaterials which can be described by hydroxyapatite precipitation on the surface of different
types of biomaterials.[19-24]. As mentioned before, because of its chemical inertness, UHMWPE,
a hydrophobic polymer, should undergo surface modifications which will introduce polar
heteroatoms on the surface. These moieties will act as active sites for apatite nucleation.[16]The
apatite nucleation time on polyethylene surface is usually from one to 3 days for most of the
polymers reported in the literature and give rise to a thick apatite layer after 15 to 30 days of
immersion in SBF [19] [20]. So faster nucleation, larger crystals, and stronger bonding of the
bioactive Ca-P layer on the orthopedic material surface is considered as better bioactivity. [25-
26].

Literature shows that pre-treatment of the surface of UHMWPE with wet processes with NaOH

improves the formation of potential apatite nuclei on UHMWPE surface from SBF solution.[27]



More recent studies have reported a successful result on bioactivity improvement of UHMWPE
by using plasma technologies. In these studies plasma polymerization of methyl methacrylate
(MMA) in a dielectric barrier discharge (DBD)-reactor using helium gas was performed to alter the
surface chemistry and inertness of UHMWPE samples[13][14].

On the other hand, besides the biological performance of the biomaterials , to ensure that the
surface of the treated samples would not induce adverse response from the body, the
biocompability of the polymer after surface modification has to be analyzed in terms of the
potential toxicity and detrimental effects in the physiological environment. Cell adhesion and
proliferation tests are often used to assess the viability of cells on a surface.

It has been reported in the literature that the enhanced surface free energy induced by the He/O;
cold atmospheric pressure plasma treatments, can lead to a significant effect on cell adhesion
and HFF-1cells (humanforeskinfibroblasts,ATCC) cell proliferation. The cells were more evenly
spread on the plasma pretreated samples and predominantly showed an elongated, spindle-like
shape with only a few visible dead cells[6, 29] [12].

Also UHMWPE surfaces exposed to an argon plasma showed positive response to the adhesion
and proliferation of vascular smooth muscle cells (VSMCs) and connective tissue cells L929[30]
In this work, the effect of surface modification of ultra-high-molecular-weight polyethylene
(UHMWPE), by atmospheric discharges on deposition of hydroxyapatite (HA) from simulated
body fluid (SBF), was investigated. The study will focus on comparison of the effect of the surface
treatment of UHMWP by two discharges namely Dielectric Barrier Discharge (DBD) using a He /O,
mixture and a rotary arc blown (Atmospheric Pressure Plasma Jet) APPJ in air. The surface
modifications were investigated by ATR-FTIR, XPS, TF-Xray, AFM, SEM and the wettability and the
ageing of the surface properties by water contact angle (WCA) measurements. Furthermore, to
access the in vitro bioactivity, the deposition of hydroxyapatite (HA) from simulated body fluid
(SBF) as well as the interaction and adhesion of fibroblast cells on the plasma-treated surfaces

were studied.

1- Materials and methods

UHMWPE film with a thickness of 0.075 mm was provided by Goodfellow, UK.



1.1 Dielectric barrier discharge setup and characterization

A schematic of the plasma reactors are shown in Figure 1.
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Figure 1.schematic of the DBD reactor

A symmetrical DBD was generated between 2 copper electrodes (28*28mm) adhered to two glass
plates (80*46*8mm). The inter-electrode distance was 2 mm. The lower electrode was grounded,
while the upper electrode was connected to a AC high voltage power source at a frequency of 44

kHz. The UHMWPE samples were fixed on the lower glass plate, and the power delivered by the

generator was calculated by measuring the voltage(kV) by a HV probe (HV GE 3830 probe) and

the current(mA) by a wideband current probe (Pearson Electronics, Inc., model 3972 ). The time-
averaged electrical power consumed by the plasma DBD reactor can be calculated by equation
(1) where v(t) and i (t) are, respectively the voltage and the current versus time, T is the waveform

period:

P=1(" v@®xi(®dt )

TYt=0

Fig.2 shows a typical voltage-current plot obtained in a He and 2% O, discharge. The power

calculated in pure helium was 3.77 W which increased slightly to 3.86 W with 2% of O, in different



flow rates of He, showing that the power dissipated in the discharge was approximately constant
during all experiments.

As shown in the fig 2, the applied voltage is sinusoidal while the signature of the measured current
confirms the stability and the homogeneity of the discharge by the presence of two current peaks
for each applied voltage periods[30,31]. An approximate value of power density of 3.9W/ cm? can
be calculated taking into consideration the dimensions of the electrode and the inter-electrode
distance. The power density being very low in the DBD discharge in He and mixtures of He+2%
02, the gas and the substrate temperature were both at ambient temperature. The flowrates of

He and 02 were the following: He flow rate= 0. 5sIm + 10sccm (He+2% O ).
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Figure 2. Voltage-current plot of the He/2%0, plasma discharge at 3.86 W plasma power

1.2 Atmospheric Pressure Plasma Jet set-up and characterization

Figure 3 shows the schematic of the atmospheric pressure jet used for UHMWPE activation
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Figure 3.Schematic of the atmospheric pressure jet

The surface treatment of UHMWPE was carried out with a non- equilibrium APPJ Openair FG
5001 equipment (Plasmatreat GmbH, Steinhagen, Germany) working in a pulsed mode and using
compressed air as the plasma gas. A rotating nozzle with an opening ring of 4 mm, a rotation

speed of 2900 t min-! and effluent angle of 14° was used.

The atmospheric plasma jet was placed over a movable platform on which the UHMWPE was
fixed, and it could be moved across the air plasma under controlled speed from 5 to 50 m.min™.
The plasma jet was fixed to a movable arm, the position of which could be varied vertically, and
thus the distance between the plasma jet head and the platform could be varied between 10 and
100mm. The voltage and the pulse frequency of the plasma source could be modulated from 270
to 300 V and from 19 to 23 kHz, respectively. Since the plasma source works in a pulsed mode,
the pulsed power-cycle time (PCT) could be changed between 50 and 100%, which represented
the ratio of the ton/toff *100. This pulsed operating mode allows the plasma jet, which is a blown
DC arc plasma, to achieve non-equilibrium plasma conditions. The plasma conditions used were
fixed for this study and were the following: Nozzle-distance = 10mm; f= 21kHz, speed; 15m/min;

PCT= 80%; number of scans= 2 to 7. In these conditions the gas temperature at a distance of 10



mm from the nozzle was 500K [36]. The power was a round 400W, knowing that the plasma on
the surface is the size of a doughnut of 5cm of diameter and 1 cm of thickness, the power density
is around 57W/ cm?, which is much higher than the case of the DBD system as mentioned above.
However, the temperature drops down very quickly from the nozzle to the surface of the polymer,
and measurements carried out with the help of an Infrared camera show a surface temperature

of UHMWPE which varies between 40 and 50°C for 2 to 7 scans.

After the treatment, the films were immediately placed in a clean plastic container which was

then sealed to minimize potential contamination.
1.3 Preparation of polymer substrates

In order to improve the bioactivity of UHMWPE, plasma surface modifications by the two
atmospheric discharges (APPJ and DBD) were carried out. Then to determine the bioactivity
improvement as well as the biocompatibility of the UHMPW surfaces, the plasma-treated
polymer films were immersed in simulated body fluid (SBF) as well as fibroblast cells in a DMEM

medium.

The UHMWPE film was cut in 2*2cm? samples. Prior to each plasma treatment, the samples were
cleaned in ethanol for 5 min to remove the contaminants from the surfaces and then were dried
in air and fixed on the grounded electrode by using a double-sided tape. Two different setups,
shown in Figure 1 and 3 were used to obtain the best conditions for surface modification and

functionalization.
1.4 Simulated body fluid (SBF)

Simulated body fluid with an ion concentration similar to those of human blood plasma,
developed by Kokubo [19] was prepared. The following ACS reagents supplied by SigmAldrich
in France: NaCl ,NaHCO3, KCl, K;HPO4 .3H,0, MgCl, .6H,0, CaCl,, Na;S0O4 and Tri-hydroxymethyl
aminomethane(H,NC(CH,0H); ) were dissolved in 750 mL of ultra purified water and buffered
with 1M HCIl to pH 7.40 at 37 °C. It was necessary to take special care to dissolve each reagent
before adding the other reagents. Then the total volume of the solution was adjusted to 1000 mL.

Once the SBF solution prepared, it was stored at 4°C and could be used up to one month.



After substrate pretreatment, samples were soaked vertically in the SBF and incubated at 37 °C
for 1,3,7,14 and 30 days. Deposition took place in sterile tubes filled with approximately 25ml of
SBF, while the samples were held in a vertical position. SBF immersion lasted for 3,7,14,30 days
with daily solution refreshments. Solution refreshments were performed by pipetting the old
solution from the container and gently pouring in fresh solution, so as to not disturb the samples.
On the final day of immersion, samples were removed from the SBF, rinsed with deionized water
and allowed to dry in the oven at 37 °C.

1.5 Biocompatibility and cell adhesion test

The cellular interactions of the plasma activated samples were examined as follows: primary
human fibroblast cells were cultured in DMEM medium (purchased from Sigma Aldrich; added
with 4% FBS,1% P/S) and were harvested using trypsin and then washed with the DMEM medium.
Cells were counted using C-chip Haemocytometer (Lab-tech) and were cultured with treated and
non treated UHMWPE samples placed in 6-well PS plates. 100,000 cells with 2.5 ml of DMEM
medium was placed in each well and evaluated after 24, 48, 72 h with SEM and optical
microscope.

1.6 Surface analytical techniques
a) Static contact angle

Wettability changes of the treated UHMWPE surfaces were characterized by static contact angle
measurements using the sessile drop technique measured with a GBX tensiometer using a CCD
camera and a horizontal light source to illuminate the liquid droplet (V=6 ul). 3 measurements
per sample and 3 samples per same plasma condition were used i.e. each static WCA value was
the mean of 9 acquisitions.

b) ATR-FTIR

Chemical structures of treated and nontreated UHMWPE samples were characterized using a
Bruker VERTEX 70 FT-IR Spectrophotometer equipped with a single reflection ATR accessory using
a germanium crystal as an internal reflection element. Infrared absorbance spectra were

recorded in the 400-4000 cm* range, with a resolution of 4 cm™. The signal of the bare substrate



was taken as reference before each scan. Baseline corrections were then performed by OPUS 6.5

software after 200 scans of each sample.

c) SEM

The morphology of UHMWPE films was studied by Field Emission Scanning Electron Microscopy
(FE-SEM). FE-SEM images were taken using Zeiss Ultra 55 FEG SEM with GEMINI Column on gold

coated surfaces by sputter coating (Cressinton sputter coater-108 auto).

d) AFM

An atomic force microscope (AIST-NT SmartSPM 1000, AIST-NT, USA) operating in the AC mode
was used to examine the topography and roughness of the films. The AIST-NT Control software
was used to generate the AFM images. The Plane Level function in the software was applied to

all AFM images.

e) XPS

XPS surface analysis of the UHMWPE samples was performed on a XPS (Axis Ultra, Kratos, UK)
equipped with a monochromatic aluminium Ko X-ray source (1486.6 eV). Casa XPS fitting software
was used to curve fit the high resolution Cls peaks. The hydrocarbon component of the Cls
spectrum (285.0 eV) was used to calibrate the energy scale. In a next step, the peaks were

deconvoluted using the Gaussian curve-fitting technique.
f)X ray diffraction (XRD)

XRD (Scintag XDS 2000 Diffractometer) was employed to investigate the structure of the modified
UHMWPE surface and the composition of the HA films deposited on the different plasma treated
UHMWPE samples and SBF treated samples for 14 days were subjected to a 16 h XRD scan
utilizing Cu Ka radiation (k = 1.54 A ° ). A Bragg—Brentano diffractometer was used in the ©6-26
configuration.

2- Results and Discussion

2.1 Surface modification of the UHMWPE film



a) Water Contact Angle measurements (WCA)and ageing of the surface properties

First of all the surface modification of UHMWPE was studied by contact angle measurements
which showed in both discharges used i.e. APPJ in air and DBD discharge in a mixture of 0,5 sIm
He +10 sccm oxygen gas that the surface energy of UHMWPE was substantially increased. The
W(CA of the control sample (WCA: 109°) decreased with increasing plasma treatment time in the
DBD reactor or number of scans performed by the APPJ in air. The more the number of scans,
the lower the WCA obtained until a plateau value of approximately 44° was reached, while the
minimum CA values obtained by prolonging the DBD treatment time was about 55° for a
treatment time of 5 minutes in a mixture of He+02.These measurements along with the ageing

of the CA measurements are shown in Figure 4.

Indeed one of the problems that hinder the application of plasmas in surface modification of
polymeric materials is the potential aging of the treatment effects. After plasma treatments, the
polymer surfaces show a gradual hydrophobic recovery over time surface free energy
simultaneously decreases mainly due to two mechanisms: one is the re- orientation of polar
chemical groups on the treated surface towards the bulk of the material, and the other is the
diffusion of portions of non-modified macromolecules or hydrophobic additives to the
surface[31-33]. The extent of hydrophobic recovery in the case of the DBD-treated UHMWPE is
9% after 14 days of ageing, while for the APPJ it is much higher (38%). This difference has been
explained by the fact that helium metastables and VUV in a helium discharge play an important
role in crosslinking the surface and therefore reinforcing the topmost layer of the polymer
surface, therefore limiting the hydrophobic recovery (9%). As compared to the literature [22] the
contact angles of UHMWPE increased from 63° to 86° for pure helium discharge and from 61° to
78° for helium+1% 02 plasma mixture, and from 68° to 102° for helium+2% 02 mixtures. Also the
ageing of Ar plasma modified UHMWPE polymers, was studied by Reznickova et al. [30] who
showed that the plasma treated polymer film for 480 s in (Ar) went through ageing and the WCA
increased from 20° to 120° after 100h.

b) Study of the ageing of the APPJ and DBD treated polymer surfaces
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Figure 4. WCA of non treated, APPJ (2scans, 5 scans, 7 scans ) and of DBD (t= 1min, t= 3min, t= 5min) and relative

amounts for each aged film after 14 days of aging in air.

Based on these results, the optimum treatment conditions of each reactor were chosen to further
investigate the plasma-induced effects on the surface chemistry and functional groups, HA deposition and
cell proliferation studies. The best APPJ treatment conditions were 15m/min, 80%PCT, 21kHz, and
a nozzle-substrate distance of 10mm and 5scans. As for the DBD discharge the best conditions
were optimized for a mixture of 50sIm He and 10sccm of Oxygen with a measured power =3.86
W and a treatment time= 5 min.

2-2 FTIR measurements

Fig. 5 shows the FTIR spectra of the non-treated, APPJ treated (a) , DBD treated (b) UHMWPE. The
absorption peaks identified at 2917, 2848, 1467, and 722 cm-1 are attributed to methylene non-
symmetrical stretch vibrations, methylene symmetrical stretch vibration, methylene non-
symmetrical variable angle vibration, and methylene swing in plane vibration, respectively. When
the treated UHMWPE spectrum is compared to the spectrum of the untreated films, one can
identify a broad band around 1500-1747 cm-1 which appears due to the plasma treatment, which

corresponds to C=C groups at 1637 cm™. The latter indicates unsaturation in the polymer



backbone, a synergic reaction which usually takes place with cross-linking of the polymer.

Furthermore C=0 in ketones and lactones (cyclic ester groups) are observed at 1732 cm™.
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Figure5.FTIR of non treated UHMWPE and APPJ and DBD activated UHMWPE film

As shown is Figure 5, one can note that the absorption peak areas, which correspond to the
vibrational strength of different chemical groups, are broader and less intense in FTIR spectra of
treated UHMWPE samples, as compared to the untreated ones. This can be related to crosslinking
of molecular chains that hinder the stretch vibration indicating an increased crosslinking density

of UHMWPE chains after plasma activation by both methods.

In order to better investigate the spectral region ranging from 1550 to 1800 cm 1, the envelope
has been deconvoluted by fitting Gaussian peaks shown in Figure 6 and their corresponding

attributions have been given in Table 2.
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Figureb6.Typical Gaussian fitting curves of the spectra in the range of 1550 to 1800 cm-1 for (a) APPJ & (b) DBD

configuration

Table 2. Characterization of Gaussian fitting curves of a typical FTIR spectrum in the range of 1550 to 1800 cm-1.

Wavenumber (cm™) Vibrational mode
1600 aromatics C=C stretching
1628,1637,1654,1663,1673 alkenes C=C stretching/ amide
1700, 1720, 172 ketone C=0 stretching/ C=0 stretching in

amide groups
1737, 1750,1770 ester C=0 stretching

From these results it is obvious that first of all both activation methods led to incorporation of
oxygen-containing functional groups which can act as the apatite nucleation sites on the surface
once the polymer isimmersed in SBF. Secondly the envelope observed ranging from 1550 to 1800
cm?, is broader in the case of the DBD-treated UHMWPE as compared to the APPJ-treated one,
showing evidence of a more crosslinked structure in the case of the former. This is the reason

why we can deconvolute it into 5 peaks as compared to the APPJ one (4 peaks).

2.3 XPS spectroscopy

XPS was used to obtain a better evidence of different chemical moieties on the surface as well as



to determine an overall semi-quantitative stoichiometry of the the topmost layer (<8nm). The
results support the ATR- FTIR measurements given above. Figure 6 shows the XPS spectra
acquired for the non treated, APPJ and DBD treated UHMWPE film. As shown in the figure7 (Cls
photoelectron peaks) has been decomposed into 4 photoelectron peaks centered at 285 eV;
285.9 eV; 287.6 eV and 289.7 eV which has been attributed to (C-C); (C-O/C-OH); (C=0) and O-
C=0 Respectively. One can note that more oxygen moieties (cf Table 3) and in particularly
(COOH/COOR), groups are detected on DBD-treated surface. By deconvoluting the Nis
photoelectron peak, besides amine/amide functional groups identified on both DBD and APPJ
treated polymer, NO2/NO3 moieties were detected on APPJ-treated surface. Indeed optical
emission spectra of the blown arc, air plasma jet is dominated by a broad continuum centered at
630nm attributed to the chemiluminescence of NO2 species [37], which will then be ease grafted

to the surface of the plasma activated UHMWPE.

T ¥ T b T T T T T T
280 282 284 286 288 290 292
Binding Energy (eV)




- (285)

C-OIC-OH (285.9)

€=0 (287.5}
0-C=0 (2804

N-{C=0)-{400.5)

NO,/NO,(407.7)

Binding Energy (eV)

T T T T T T T T T T T T T T
280 282 284 286 288 200 292 382 394 395 398 400 402 404 406 403 41D 4i2
Binding Energy (eV) Binding Energy (eV)
N-(C=0)-(402)
C-C (285.2) C-NR2(400.2)
C-O/C-OH (286.3)
C=0 (287.9)
C-0=C (289.7)
282 284 286 288 290 292

—T—
392 394

—
396

T~ T * T T * 1T * T * 17
398 400 402 404 406 408 410 412

Binding Energy (eV)

Figure 7: XPS Cl1s and N1s photoelectron peaks of spectra of untreated (a) , APPJ-treated UHMWPE (b,c) and DBD-treated
UHMWPE (d, e).

Table 3. Elemental composition and peak deconvolution of C1s and N1s for the UHMWPE film surfaces

Atomic C1s peak deconvolution (%) N1s peak deconvolution
composition (%) (%)
Sample | C o) N c-C C-O(H) |c=0 |0-c=0 |C-NR2 | N-C=0 | NO2/
NO3
Non 97.4 | 2.6 0 98.76 1.24 0 0 0 0 0
treated




APPJ 91.0 | 7.8 1.2 78.17 14.75 5.55 1.53

18,26

30,54

51,20

DBD 853 | 143 |04 76.12 10.56 6.71 6.61

44,81

55,19

2.4 AFM measurements

AFM analysis was carried out to study the roughness and morphological changes produced by

plasma treatment on the polymer surfaces. Figure 8 shows the AFM images.

Figure 8. AFM micrographs of UHMWPE films treated with DBD reactor (a), APPJ(b), Control.

Table 4. Variation of the arithmetical and RMS roughness measured by AFM analysis after 5 min plasma treatment by DBD

reactor and APPJ.

Sample Rq(nm) Ra(nm)

Control 94.4 74.7




APPJ 81.7 66.9

DBD 115 90.3

Even though we can observe as compared to the nontreated polymer a slight smoothening of
the UHMPE due to the APPJ and a small increase of the roughness in the case of the DBD treated-
samples, these changes are not significant as compared to the arithmetical roughness) and RMS

roughness of the nontreated samples Ra= 74.7 nm and Rq =94.4 nm respectively.
2.5 Assessment of plasma activation and SBF incubation of UHMWPE

As explained in section 3.2 calcium apatite layers formed on the polymer surface immersed in SBF
solution can be a good way to determine the extent of bioactivity improvement of the treated
UHMWPE surface. To this end, the air and He/O plasma treated samples after different times of
immersion in SBF were analyzed by SEM. Calcium apatite formation on APPJ-treated and DBD-

treated UHMWPE films are shown in the SEM micrographs in figure 9.



Figure9 :SEM micrographs of HA particle morphologies on UHMWPE substrates after 1 day(left) and 3 days immersion

(right)in SBF having undergone no pretreatment (a,b), rotative APPJ treatment in (c,d), DBD treatment (e,f)

In the case of the DBD treated UHMWPE film which was immersed in SBF for up to 30 days, an
apatite layer was first formed on its surface on day 1, while for APPJ treated films this period

was extended to 3 days. The underlying structures of the particles are several spherical particles



with a diameter of 25.0 nm (+8.35 nm) clustered together. The clustering of the spherical

particles gives the impression of an elongated structure. The dimensions of the elongated

clusters were 140.0 * 96.9 nm (+20.8 nm* +10.3 nm), as determined by digital image analysis.




Figure 10 : SEM micrographs of HA particle morphologies on UHMWPE substrates after 7 (left) and 14 days immersion

(right)in SBF having undergone no pretreatment (a, b), rotative APPJ treatment in (c, d), DBD treatment (e, f)

We can observe clearly a faster kinetics of nucleation and growth of HA on DBD- treated-

UHMWPE film and the formation of a 8um thick HA continuous layer on the surface after 14 days.

For all pretreated films immersion in SBF initially resulted in the formation of a group of
agglomerated clusters. By -increasing the immersion time in SBF, further apatite deposition
resulted in the growth of these clusters giving rise to a continuous layer (fig 10), becoming thicker
and more compact with time consisting of nanoparticles of apatite crystallites, which were
characteristic of coatings precipitated from SBF immersion. In contrast, films that were not
activated showed a very little amount of calcium apatite particles deposited on the surface even

after 14 days in SBF.

As the immersion time progresses, additional nucleation and growth occurred producing a more
consolidated apatite layer (Fig 10). After 14 days the DBD treated samples were completely

covered by an apatite layer followed by a second layer above the initial compact layer.

These results are in agreement with previous results reported in the literature [13][14] where
the authors found that the plasma activation by a mixture of helium and oxygen gases in a DBD

reactor provides more favorable sites for nucleation and growth of apatite.

To summarize, faster and larger apatite depositions were observed on the DBD treated surface,

compared to APPJ treated samples. This proved that the DBD treatment is a more efficient way



to graft more functional groups on the UHMWPE surface [16], leading to a more hydrophilic

surface which resulted in an increase the rate of HA deposition on its surface from SBF.

Besides SEM analysis, X-ray diffraction analysis has been carried out on HA coatings, and the results have
been shown in Figure 11 for untreated and DBD -plasma treated UHMWPE samples after 3 days of
immersion in SBF. Other XRD patterns have not been depicted as they are very similar to the ones
presented in Fig. 11. The HA peaks appeared in DBD treated sample at 2 © values of 11°-32° proving the
deposition of crystalline structure of hexagonal HA . All samples display different polyethylene crystalline
phases and the dominant peaks at, 21° and 24° are attributed to the orthorhombic (110) and orthorhombic

(200) planes respectively.

UHMWPE peak
60,0M - 'Enrthorhombic (110)

non treated UHMWPE
Plasma treated UHMWPE

UHMWPE peak
orthorhombic (200)

400M- HA

Intensity (a.u.)

20,0M +

0.0 1

10 15 20 25 30 35 40 45 50 55

20 (degree)
Figure 4.XRD patterns of non-treated and a DBD plasma treated UHMWPE and soaked in SBF for 15days

2.6 Cell adhesion on plasma activated UHMWPE

In order to determine the biocompatibility of our surfaces, plasma-treated UHMWPE as well as
untreated ones were put in contact with fibroblast cells which were cultured in a DMEM medium
for 3 days. The adhesion of fibroblast cells were examined in-vitro by putting the cells with the

media in contact with the surfaces up to 3 days. The results show that the cells adhered and grew



on activated film surfaces whereas no cells attached on the surface of the control

films(nontreated) at the end of the 3 day.

20 pm EHT= 5.00kv  Signal A=InLens Photo Mo. = 1 Mag= 100KX 1 pm EHT= 200k  Signal A=5E2 Phota No. = 3
WD = 4.1 mm Date :22 Nov 2017 Reference Mag = Out Dev. I i WO= 47 mm Date 22 Nov 2017 Reference Mag = Out Dev.

Mag= 20.00 K X
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Figure12.Photographs of fibroblast adhered cells onto UHMWPE after 72hours,a) no pretreatment (b), treated by rotative
APPJ in air (c), treated by DBD in He/0> (2%)

SEM was used to determine the morphology of the attached fibroblasts on the APPJ and DBD activated
UHMWPE specimens, after 72h cell seeding. Fig. 12 reveals no fibroblasts on the untreated UHMWPE after
incubation for 72 h. In contrast, after the same incubation period, fibroblast cells spread and proliferated
on the plasma modified surfaces. Fibroblasts which spread on the surface of DBD-treated UHMWPE and
were attached by means of filopodes showed a clear better biocompatibility as compared to the APPJ-
treated ones. Indeed some cells were attached onto the surface of the latter but the cells seemed to attach
less to the surface and more to themselves on such surfaces. Furthermore these attached cells to the
surfaces occupied a much smaller surface (Fig. 12.b) as compared to the DBD-treated ones(Fig.12.c) The

cells seeded on surfaces containing higher concentrations of carboxylic acid groups (DBD ones) show a



better cell spreading with distinctive filopodia formed by the actin skeleton. In contrast, in the case of

APPJ-treated surface, the cells show a lower affinity, maintaining a rounder shape.

These differences could be explained by the fact that the type of functional groups played an
important role, in other words, although the same type of oxygen bearing groups where detected
on DBD and APPJ treated surfaces, and that the surface energy of UHMWPE increase substantially
by the two discharges, however in the case of the APPJ discharge, the presence of nitrite/nitrate
groups could play a negative role on the adhesion and growth of cells on the surface. Indeed, it
has been reported in the literature that Nitric oxide (NOx), a potentially toxic molecule, has been
implicated in a wide range of diverse (patho)physiological processes. Cytotoxicity as a result of a

massive NOx-formation is now established to initiate apoptosis[35]
Conclusion

According to the results of this paper He DBD activation of UHMWPE can render these chemically
inert surfaces bioactive, making them potential materials integrable in artificial implants. The
favorable effect of plasma activation on apatite formation on samples in both treatment
methods may at least partly be attributed to an increased wettability of UHMWPE films after DBD
and APPJ plasma treatments. Furthermore new heteroatom functional groups grafted on the
surface will act as nucleation sites for the adsorption of bioactive HA when immersed in a SBF
solution. FTIR and XPS analysis determined more oxygen containing functional groups on DBD

treated surface while on APPJ-treated surface NO2/NO3 functional groups were present.

On the other hand it was observed that APPJ-treated surface was more hydrophilic as compared
to DBD treated surface. However, the former-treated surfaces with a blown arc in air were less
stable with time (shown by CA measurements) as compared to the DBD treatment in mixtures of
He/02. Indeed ATR-FTIR and XPS analyses showed a more reinforced and crosslinked surface in

the case of DBD treated one in helium as compared to the APPJ treated one.

Furthermore a fast nucleation and growth of a homogeneous thick carpet layer of HA in the case
of DBD treated polymers was observed on which different oxygen bearing groups i.e. hydroxyl,

carbonyl and carboxylic groups were detected. Such surfaces showed also to be cytocompatible



by measuring in-vitro the cell adhesion to fibroblast cells. On the contrary the APPJ-treated
UHMWPE, showed to be a less bioactive surface. Indeed, although such plasma-treated surfaces
were more hydrophilic, they gave rise | to less bioactive surfaces probably because of grafting less
oxygen containing groups to the surface but probably due to particular functional groups such as
NO2/NO3 observed on the surface by XPS which were not favorable for cell adhesion. The
difference between the DBD-plasma-treated surface and APPJ-treated UHMWPE ones in terms
of the resulting bioactivity properties, could not be explained by change of the roughness of the
coatings since AFM analysis showed that neither of the two activation methods made significant

changes on the surface roughness as compared to the untreated UHMWPE.

XRD analyses performed on the HA-covered samples showed a hexagonal crystalline structure

corresponding to HA.

In conclusion this research work has clearly shown that the DBD-treated UHMWPE in a mixture
of He/2% 02 allows to modify the surface properties of UHMWPE to obtain a bioactive surface
without affecting the cytocompatibility and allowing to obtain a well spread homogeneous layer

of fibroblast cells after 72h.
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