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Abstract: Argon plasma treatment was used to modify the sarfef atelocollagen films using a
plasmochemical reactor. To evaluate the effecth®ftreatment, the untreated and treated samples
were characterized by Attenuated Total ReflectaRoarier Transform Infrared Spectroscopy
(ATR-FTIR), Scanning Electron Microscopy (SEM) inmagy and X-ray Photoelectron
Spectroscopy (XPS) techniques. Cell growth wasiezhrout by culturing human immortalized
keratinocyte (HaCaT) cells and proliferation wasaswed via MTT assay. It was observed that
argon plasma treatment significantly enhanced xitené of cell proliferation, which was ascribed to
the favourable role of plasma treatment in indudngace oxygen-containing entities together with
increasing surface roughness.

This can be considered as a potentially promispmy@ach for tissue regeneration purposes.
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1. Introduction

Collagen is a fibrillar protein that exists in rigaall mammalian tissues. It constitutess 25% of whole-body
protein content. Its abundance is especially camatzd in connective tissues such as tendons, égtsn
cartilage as well as skin. Moreover, it is conneatgth important biological functions such as tisfarmation
and cell attachment [1]. On this account, collageaxtensively used in the design of materials wpibtential
applications in the biomedical field.

Skin consists of different types of cells such asaknocytes, melanocytes, and fibroblasts [2]s ltvell
established through wound healing, transplantatiang cell culture studies that human immortalized
keratinocyte (HaCaT) cells play a crucial role pidermal tissue regeneration, since they are spentssly
transformed to human keratinocytes which haverthestof basal epidermal keratinocytes and candtigeted
in deep burns. Hence, this cell line can be exgdbits arn vitro model for highly proliferative epidermis [3-6].

Argon is a member of the noble gases class whiehgsoup of chemical elements of identical properti
They are colourless, odourless, and possess verydactivity because of a full valence shell [7r Rhis
reason, plasma treatment by noble gases is of tampue since these gases do not chemically reabt thet
treated sample. Nevertheless, it conveys reactoity the treated surface via plasma species,refestions,
and UV-radiation. In fact, inert gas plasma treathig used in periods typically from Is to sevarahutes, and
this exposure is enough to abstract hydrogen amatdduce free radicals at or near the surface withien
interact to form cross-links and unsaturated grpapswithstanding, these chemical and physical gharare
restricted to the top several hundred angstronmfsowitaffecting bulk properties [8,9].

Depending upon the noble gas and time of the treattnthis type of plasma treatment can then beopagd
for cleaning, sputtering, etching, implantationdateposition on the substrates; for example, helingon and
argon are often used for cleaning and sputterirtglewargon, krypton, and xenon have found applicetiin
implantation and deposition. Nonetheless, argahasmost common noble gas used in plasma treatthuento
its relatively low cost, availability, and high {de[10].

Noble gases-based plasma treatment has widely bset in a diversity of applications, e.g., surface
modification of polymers [11-17], glass [18], carbfibres [19], superconductors [20], metal andyalf21,22],
and textiles [23-26]. As for medical uses, there saveral studies conducted on cleaning surfacdeg9pand
cell attachment [30-35]. In this contribution, facis directed onto the surface modification viacarglasma
treatment and examination of keratinocyte humahgrelwth on atelocollagen surfaces which has notogen
done. Furthermore, a systematic study of argompaseatment effects on HaCaT keratinocyte ceflaase of
atelocollagen films with a view to designing a noweaterial potentially suitable for tissue enginegr
applications is undertaken. This is accomplishedsuirface probe techniques together with pertiberogical
assays.



2. Results and Discussic
2.1. Surface Spectroscopic Analysis

X-ray photoelectron Spectroscopy (XPS) spectreehaeen recorded in order to gain an insight int&
chemical modifications of the treated surface. Ftbm analysis of these spectra, carbon (Cls), axy@ss),
nitrogen (NIs), and sulphur (S2p) elements wereatet! on both untreated and argon plagmated sample
surfaces. The respective elemental compositionsgalith the corresponding atomic ratios are shawmable
1. The data shows a considerable increase in Wygeoxcontent subsequent to the argon plasma traatwmmgech
is also reflectedsaa raise in O/C ratio. This is ascribed to theuawnce of surface oxidizations which
stimulated by the argon plasma treatment followgdekposure to the air [389]. As suggested by the d:
nitrogen content slightly decreases which can mnezted with the etching phenomenon, while that oplsul
remains unchanged. The presence of sulphur seestemiofrom sulphur-containing amino acids [40, 41].

Table 1.Elemental compositions of the untreated and trefiltad by XPS measureme

Sample Cis% Nl1s% Ol1s% 82p% Nis/Cis O1s/Cls
Untreated samples 66.0 14.1 19.3 0.4 0.21 0.29
Argon plasma treatment 58.1 11.3 25.0 0.4 (.19 0.43

Attenuated Total Reflectance Fourier Transformdrdd (ATRFTIR) spectra from untreated and ar
plasma treated samples are shown in Figure 1.dnuiitreated sample spectrum, amide | and |l chenatit
bands at 3,306, 3,079, 1,630, and 1,549 cam be identified, where the ones at 3,306 an3;e1' correspon
to peptide bond N-H stretching. The C=0 stretchirigraction with the amide | N-Kibration gives rise to ¢
absorption at 1,630 ¢l while its interaction with C-N leads to the baatdl,549 cnt. Characteristic signe
due to amide Il appear at 1,280, 1,239, and 1204 which originate from N-H bending and KC-stretching
interadions. In addition, in the spectrum of the untrdasample, one can recognize the other typical &
vibrations assigned to C-N stretching and N-H waggihich appear at 1,400 and 693 trrespectively [42-
43]. The absorption peaks within the 3,000-2,800"cspectral range are attributed to aliphatiél Gtretching
likewise, the bands at 1,491, 1,450, and 851 ame associated with B-vibrations. As for the argon plas
treated sample, the characteristic amide bandalsoevisible which implieshat atelocollagen is retained ug
plasma treatment. However, the intensity of thedsadecreases after the treatment which can bessegoanc
of plasma-induced reactions [44—45]. Furthermobe bands within 1,160-1,000 t?massigned to ©
stretchhg mode, undergo evident alterations after argasrpa treatment. Particularly, a peak at aroundO
cm' due to C-O€ linkage gains strength, which means that arg@snph treatment affects the cherr
composition of the surface, as earlier discudgsethore detail in XPS section. It should also béedotha
unsaturated double bonds such as alkenes (-C=@-n@no (-C=NJj can possibly arise after the argon pla
treatment [46-47], but cannot be viewed due to lapping peaks, prospective crossklimg or the insufficier
surface-sensitivity of ATR-FTIR.



Figure 1. ATR-FTIR spectra of: (A) untreated and (B) argon ple-treated films
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Figure 2. SEM surface topography of (A) untreated andaigpn plasn-treated sample
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2.2. Effects of argon plasma upon surface topography

Visible changes in surface topography can be obseafter argon plasma treatment, as evident frcami8ng
Electron Microscopy (SEM) images (Figure 2). Théreated film has a relatively smooth morphologyilgvh

that of argon plasma treated sample is of highggloess and shows



etched features. This is in agreement with theltsestentioned in previous sections, where surfackiry dug
to the argon plasma treatment was observed. Anneeldaroughness is considered as a beneficial fat
adhesion processes, since it is a consequencefafsetching and functionalization [48].

2.3. Effects of argon plasma treatment on cellular behaviour of HaCaT on collagen films

HaCaT cells behaviour on untreated and argon plasrated samples evaluated using MTT assayven ir
Figure 3. It is found out that cell attachment ffigantly increases, as reflected by the absorbaate which i
approximately.6 times higher for the argon plasma treated sampbes the untreated films. This indicates
argon plasma treated films show higher sealbstrate compatibility and thus, are more appatgrior tissu
regeneration applications. This is also supporteigtively by the light microscope images showrFigure 4
where the extent of cell adhesion on unedatnd argon plasma treated samples can be conpaaecontrc
specimen. A higher amount of cell aggregates imfof ripplelike areas adhered on the surface is identifie
argon plasma treated sample. Although the mechani@nthe HaCaT adhesioma proliferation upon tr
different substrates are still unclear, it is vielbwn that roughness and porosity of films influeell adhesic
and cell proliferation. Besides, surface polartegicontent is a crucial factor because HaCaE eet maily
attached by carbonyl and carboxyl groups, thus el growth tends to be favoured in hydrophiligface:
[49-53]. This attachment is also supported by hydrdgemding and van der Waals forces, which reinfohe
linking between cells and films 4%. An increase in roughness and surface polartifumalities after exposir
atelocollagen films to argon plasma promote celiesibn and proliferation. The results suggest #igor
plasma treated atelocollagen films are potentm&liyable materials for tissue regeneration.

Figure 3. Comparison of HaCaT cells growth upon untreatedaagdn plasir-treated films
measured by MTT cell proliferation assay at 570 nm.
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Figure 4. Light micrographs of Human skin HaCaT keratinocyitesculture upon the collagen fili
compared with control, (A) untreated, (B) argorspla-treated.

3. Experimental
3.1. Materials

Atelocollagen from bovine Achilles tendon (emulsihich contents 1.43% of atelocollagen, pH 3.5)
supplied by Vipo A.S, Slovakia. Tissue culture éistof diameter 40 were providéy (TPP, Switzerland
Acetic acid 99% was obtained from Penta, Czech Blepwybrant® MTT cell proliferation Assay kit (V-
13154) was purchased from Invitrogen CorporatioBAUHuman immortalized notmorigenic keratinocy
cell line HaCaT [55] (Ethnity, Caucasian; Age, 62 years; gender, Male arsti¢isskin) was supplied by C
Cell Lines Service, Germany. DMEM (high glucosep@emented with 2 mM Iglutamine solution and 10
fetal calf serum were provided by Biotech Inc, US/jch was used as the culture medium for HaCalTlinel

3.2. Preparations of collagen films

The atelocollagen was solubilized in 0.1M aceti@ do prepare a 0.1%w/w solution using an IKA F
stirring machine (IKA® works, Inc, Germany) for 4urs at 1,000 rpm. Then, 2 mL ofghsolution was poure
into each of the tissue culture dishes. Thereafi®r,solvent was evaporated at ambient conditionghree
days.

3.3. Plasma treatment

The plasma treatment of the collagen thin films wasgied out by using plasmochemical reactor (feem
Diener electronic, Germany) with a chamber of 108 diameter and 270 mm length, operated at frequef
40 kHz, pressure of 40 Pa, and power input of 50Avgon grade 4.5 was used as carrier gases provy
Linde, A.G., Germany. The feed rate in all experitsevas
1 c?/min. The duration of the plasma treatment was riuteis for each sample.



3.4. Spectroscopic techniques

Surface chemical composition of both untreatedtegmted collagen films were evaluated by XPS winels
performed in a XPS microprobe instrument PHI Vershp (Physical Electronics, USA). The base pressure
the XPS analysis chamber was ab&rit10® Pa. The samples were excited with X-rays overGa(#0 spot area
with a monochromatic AK,\,i radiation at 1,486.6 eV. The photoelectrons weteated with a hemispherical
analyzer positioned at an angle of 45° with resped¢he normal of the sample surface. The energgluéon
was about 0.5 eV and survey-scan spectra were @iad87.85 eV. Individual high-resolution Cls andsOl
spectra were taken at 23.5 and
0. 1 eV energy step for 30 minutes and the conceatratf different chemical states of carbon in the @tak
was determined by fitting the curves with symmetri@auss—Lorentz functions. The spectra were fitisidg
MultiPak v7.3.1 software from Physical ElectroniddSA; which was supplied with the spectrometer.
Attenuated total reflection Fourier transform iméd spectroscopy (ATR-FTIR) was carried out on aRFT
spectrometer Avatar 320 (Nicolet, USA) equippedhwikTR accessory. Each spectrum was obtained by
recording 32 scans at a 2 ¢émesolution. The spectral range was within 4,000-65".

3.5. Microscopic techniques

The surface morphology of collagen untreated aedtéd films were analyzed by using SEM on a Vega
LMV microscope (Tescan s.r.o, Czech Republic) aeerat 5 kV. The specimens were 30 tilted to attégmer
resolution and observation. All of samples weret@davith a thin layer of Gold/Palladium alloy. Theages
were taken at magnifications of 5,000 x.

3.6. Cdl culture

HaCaT keratinocyte cells were seeded onto theetleahd untreated samples in the culture dishes and
incubated at 37 °C for 4 days. The cell culture padormed in 32 tissue culture dishes, 16 foreatd films
and 16 for argon plasma treated films.

3.7. Céll proliferation

The HaCaT cell proliferation on treated and unerddilms was determined after 4 days of culturigdr' T
assay [reduction of 3-(4,5-dimethylthiazol-2-ylpjiphenyltetrazolium bromide, which is yellow, @apurple
formazan product]. A volume of 8L of 12 mM MTT was taken for cell incubation perfadat 37 °C for 4
hours in the darkness. The media were then decantt@ashed with phosphate-buffered saline sol{BP&85).
The produced formazan salts were dissolved withettigisulphoxide (DMSO, Sigma-Aldrich, USA), and the
absorbance was measured at 570 nm to estimatertheZan concentration [56]. The statistical analpdithe
recorded data was managed using Student’s /-tbstrena confidence level of 95¢ < 0.05) was considered
statistically significant and 99% < 0.01) was considered very significant.



4. Conclusion:

The effects of argon plasma treatment upon atdegeh surface films and HaCaT cell response hage
studied by means of surface probe teghes together with the biological assay. It isuassd that the prima
effect of argon plasma treatment is to provide d@gosit energy via plasma species such as electomssan
UV-radiation to the substrate surface leading tss#linking, bond keaking and different kind of intramolect
rearrangements, which in contact with air or oftearctive species can drastically alter the surfaoperties
The spectroscopic techniques show a decrease oftthgen content along with the attenuation of kel anc
C-H bands, which can be attributed to the etchingnpheenon. It is observed that argon plasma trea
significantly enhances the extent of cell prolifema ascribed to the favourable role of plasmatineat ir
inducing surface oxygen-otaining entities and increasing surface roughnéhs. keratinocyte HaCaT c
proliferation notably increases confirming the sggodependence of cell adhesion and proliferationthe
surface properties and biocompatibility.
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