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ABSTRACT

Biomaterials science is an expanding area, whiadompasses a wide range of
medical knowledge including.e. arthroplasty, cochlear implants, heart valves
designing, lenses, dental fixation and tissue exeging. Within this context, tissue

engineering is an interdisciplinary field promptedsatisfy requirements, such as

skin/nerve regeneration and organ/tissue replacemen

In vitro cell culture on polymer scaffolds is one of the @téd strategies for tissue
creation. It consists in a specific cell line which seeded onto a particular
substrate. This scaffold should provide excellerdctompatibility, controllable
biodegradability, appropriate mechanical streng#dxibility as well as the ability
to absorb body fluids for nutrients delivery. Cgi certainly fulfils these
demands, thereby it is often chosen as a starteigmal. Moreover, this protein is
abundant in the animal kingdom and plays a vitld no biological functions, such

as tissue formation, cell attachment and proliferat

An important feature of any potential substratésgscell-material interaction. This
property is surface-selective and intrinsically wected to surface attributes. In this
regard, plasma treatment is an effective and ecamabnsurface modification
technique, which possesses the advantage of matdmia film adjustment without
affecting bulk properties. In addition, plasma-lthseéechnologies are
environmentally friendly. Nonetheless, a serioufiailty in tissue replacement is
biofilm formation, which is responsible for infeatis over the treated areas. It is
indeed one of the most serious concerns for sewwesds, particularly medical
devices, healthcare products, dentistry, food pzicka and storage, household
sanitation and veterinary. In the medical field,sowomial infections are the
foremost worldwide cause of death and disabilityhioh constitutes a threat to

patients’ lives and high costs.



An efficient way to thwart this problem is by measfsmaterials able to inhibit the
growth of pathogenic microorganisms. It may be ia#t by incorporating
antimicrobial agents with high capacity of bactealdatement that in turn must have

a low toxicity against cells that are held on thbstrate.

In order to raise awareness of the importance hachigh economic impacts that
these topics have on science and daily life, tlostatal work embodies a broad
review of biomaterials, surface science and thdiraaces in the development of
materials suitable for tissue engineering apploceti Furthermore, it also delves
into a fundamental issue in current medicine, th&rol of harmful microorganisms
in medical implants. The findings of this reseaselek to enlighten topics related to
tissue substitution, plasma treatment, antimiclobiapolymers and human cell
growth.

This doctoral dissertation has a schematic andiserntackground followed by a
synopsis of the obtained results and conclusionsllf for any further information,
the full-version of the framing papers I-lll is inded.

Keywords: Tissue engineering; Collagen; Plasma treatment;infcrtobial

material; Cell growth.



ABSTRAKT

Vyzkum v oblasti biomateriél zaujimacim dal &tSi dilezitost s ohledem na jeho
aplikace v medicihjako nap. u kloubnich nahrad, kochlearnich impladt&rdeni
chloprg, ¢ocky, zubni fixaci a tkhovém inZenyrstvi. V této souvislosti je tkivé
inZenyrstvi interdisciplinarni oblasti a vyzvou &pokojeni pozadavk jako nap.

pii lécbé koznich poraéni, regeneraci nervovych tkani nebo transplantegard.
Priprava bug¢nych systémm na polymernich scafoldech je jednou
z nejpouzivagSich technik ve tk#ovem inZenyrstvi, festo Ze existuje dkolik
postum k dosazeni obdobnych gilTato technika je zaloZzena na interakci substratu
se specifickou skupinou lidskych hika Tento scafold by # prirozere vykazovat
vynikajici biokompatibilitu,fizenou biodegradabilitu a taktéz bylnbyt schopen
absorbovat dni tekutiny potebné pro transport Zivin. &8 by také vykazovat
piislusné mechanické vlastnosti jako odolnost a obetbr €chto divoda je jako
pocateEni material obvykle zvolen kolagen vzhledem k jghmrerné vysokému
zastoupeni u zivicha, kde tvdi priblizné ¢tvrtinu mnozstvi bilkovin a hraje
dalezitou roli v mnoha biologickych funkcich jako tba burk, buré¢na adheze a

proliferace.

Dulezitou vlastnosti kazdého potencialniho subst&tieho interakce s lilkami a
tato schopnost je selektivni na povrchu. Upravazmitem je vtomto ohledu
ponerné U¢inna a levna metoda, ktera $p@ v Upra¥ tenké povrchoveé vrstvy aniz
by doSlo ke zmné celkovych vlastnosti. Nadto, techniky zaloZené Ummaw

v plazmatu jsou ekologicky Setrné. Nicrignaznym problémemipnahrad tkani

je tvorba biofilmu zfsobujiciho infekci oS&tnych oblasti. Tento problém se tyka
mnoha oblasti Iékatvi, zejména potom lékskych gistroja, vyrobki uréenych ke
zdravotni péi, stomatologie, oblasti baleni potravin a jejictklaglovani,
hygienickych pormicek uzivanych v domacnostech a veterinarniho réékia

V oblasti zdravotnictvi jsouipdevSim nosokomidlni infekceiginou umrti nebo



invalidity pacienti po celém s§té. Infekce je tedy hrozba pro Zivot a také navrsuje
naklady za I8bu. &innym zpisobem, jak vkesit tento problém, je vyrobit
materialy, které mohou byt schopné inhibovit rpatogennich bakterii. Toutre

byt dosazenodrerenim antimikrobialni latky do materiélu, ktera musit vysokou
schopnost zabijet bakterie, ale zatowe/kazovat celko¥ nizkou toxicitu Vici

bunkam v organizmu.

S ohledem na wdezitost a vyrazny ekonomicky vliv, ktery tato témgak ve
vyzkumném tak kazdodennim Zig¥opredstavuji, zahrnuje tato doktorska prace
Sirokou reSerSi o biomaterialech, povrchovych aradf, modifikacich a jejich
pokroku v aplikacich tkéového inZzenyrstvi. Mimoto je také podr@rozebrana
zakladni problematika soéasné mediciny v oblasti Skodlivosti mikroorganism
potencialg piitomnych na implantatech. Vysledky tohoto vyzkureussaZzi odkryt
powné poznatky souvisejici s tikd@ymi nahradami, Upravou plazmatem,

antimikrobialnimi biopolymery aistem lidsky tkdovych burk.

Tato disertani prace poskytuje schematicky a &t teoreticky pehled
doprovazeny vysledky ziskanymi z experimentéinhosti a zagrem, ktery vesSkeré
poznatky sumarizuje. Nakonec, pro jakékoliv dat§bimace jsou fllozeny plné

verze publikovanyckilanka I-111.

Kli éova slova: Tkéiiové Inzenyrstvi; Kolagen; Uprava plazmatem; Antiratkialni
Material; Rast burgk.
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1. THEORETICAL BACKGROUND
1.1 Biomaterials technology for tissue engineering apigations

Tissue engineering is a multidisciplinary field thategrates both biological
and engineering principles orientated towards ggiveg biological substitutes

to replace (diseased/damaged) tissue and resissegtorgan) function [1, 2].

There are four key approaches in tissue regenaratibe first one promotes cell
proliferation and differentiatiom vivo. The second supplies nutrients and oxygen
for cell proliferation. The third is known as drutglivery system (DDS), and
releases growth factors that induce tissue reneaval; the latter deals with cell
manipulation to obtain cells and cell promoters fansplantation vian vitro
culture technologies. Likewise, there are threaecbm®ls for the creation of a new
tissue; cells, scaffold and growth factor. Cellsithgsise matrices of new tissue,
meanwhile the scaffold has to offer a propitiougiemment for cells. The function
of growth factor is to assist and promote cellseigenerate new tissue (figure 1) [3,

4].

Regeneration of a injured or defective
tissue by surgical procedure

Eﬁ 5 5 E;;
l

Biodegradable Stem cells
scaffold  Gyrowth factor
07es @&
ve ® B &
-~ Y a8 i
b, Sl & T2} G
(& @ |, |\ #
o
J®5 B BEC PN e A C T
Regeneration repairing Regenerated tissue

of tissue defect

Figure 1. Cell, scaffold and growth factor are tineee key materials for tissue engineering [5].
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Tissue engineering has three basic targets: eatwdetissue, which is the
outermost tissue that covers the body surface @usnsystem, pigment cells,
epidermis, and cornea); mesodermal tissue (middgler lassociated with connective
tissue, muscle and bones) and endodermal tisstee isnermost of the layers. The
following are some of the clinical treatments ansestigations that are being
carried out at the moment: in ectodermal tissueipReral nerves are capable of
renovating after transection injury. Transectedvesmmay be clinically repaired by
end-to-end approximation of the stumps with finéuses. Synthetic nerve guides
(conduits) might help in these cases by protecting restoring nerve from
infiltrating scar tissue or by directing new axaosards their target. Skin comprises
essentially three cell types: keratinocytes, medgtes and fibroblasts. The clinical
application of human cells in tissue engineering/ iia done on skin tissue using
fibroblast, keratinocytes, or a scaffold. For exéamiit is well-established through
wound healing, transplantation and cell cultureorepthat human adult low calcium
high temperature (HaCaT) cells are spontaneousinstormed to human
keratinocytes which have characteristics of bapalegmal keratinocytes and thus,
this cell line may be used as emnvitro model for highly proliferative epidermis in
tissue engineering. Corneal epithelial cells haeenb pre-seeded on polyvinyl
alcohol hydrogels and transplanted into rabbit easy having cell attachment and
proliferated for 1 to 2 weeks. In mesodermal tissyathetic and natural polymers
have been explored for arthroplasty and osseousirrephe difficulty lays on
material strength and properties optimisation. @&h#ity to generate muscle fibres
may be useful in the treatment of muscle injurydize disease, muscular dystrophy
and other disorders in smooth muscles and intestineendodermal tissue the main

effort here has been focused upon liver, pancnedgudbular structures [6-9].

Despite tissue engineering is a nascent industilynaany of the tissue-engineered

products still being in ongoing stages, it has &@mimally huge economic impact and
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its revenues may exceed $10 billion by 2013, astlijuthe USA it is estimated at
$80 million annually [10, 11].

Biomaterials play a crucial role in tissue engimegr Throughout history, the
biomaterials have been extensively used for medaglications including
metals, alloys, ceramics, synthetic/natural polysner early biomaterials like
wooden teeth and glass eyes. Metals and ceramggs keing used, but these are
not biodegradable and their processability is ledit On the other hand,
numerous polymeric materials have received increpsittention in virtue of

their easy biodegradability and processability oartable 1) [12].

Table 1. Basic biodegradable polymers used in tissiengineering

synthetic polymers natural polymers
poly(glycolic acid) collagen
poly (lactic acid) gelatine
poly[lactic-co-(glycolic acid)] fibrin
polycaprolactone alginic acid
polyfumarate chitosan, chitin
copoly(LL-GA) glycosaminoglycans (hyaluronic acid)
copoly(LL-CA)
copoly(LLA-ethylene glycol)

Biodegradation is the phenomenon where the cherbreakdown of materials is
caused by a physiological environment. The matesialegraded or solubilised by
any process in the body to be absorbed from thdamed site. There are two
ways of material vanishing. In the first one, theaterial backbone is
progressively cracked by hydrolysis or enzymatigrdelation decreasing the

molecular weight until it is absorbed. In the satiothe material is chemically

-15-



crosslinked forming a water-insoluble hydrogel. fidedter, the crosslinking
bond is degraded into small water-soluble fragmentisich may be leached
from the site implanted. Synthetic polymers are aligudegraded by simple

hydrolysis, whilst natural polymers are mainly detgd by enzymatic processes [13].

Both synthetic and natural polymers offer goodraliives to biomaterial design:
natural polymerseg(g, proteins, polysaccharides and nucleic acids)easy to get
owing to their abundance, and to proffer favourghib cell adhesion. In fact, those
have a big potential for cell attachment and tréargption. Nevertheless, their
physicochemical manipulation is very limited (eviétrat natural polymers may be
chemically altered producing different derivativeSpntrariwise, synthetic polymers
may be easily modified by changing their chemicaiposition and molecular
weight. Synthetic polymers are generally more hgtlabic and mechanically resistant
than natural ones. As for polymer degradation, dhis is slower in synthetic than in
natural polymers [14, 15].

1.2 Medical implant contamination

An uncountable amount of undesirable guests, ld&dyia and/or fungi may affect
substrates’ functions. It is manifested by lossnetthanical and physical properties
as well as other material damages. Nosocomial oongdion, also known as a
hospital-acquired infection (HAI) is a widespreaause of implants failure and
removal in medicine [16, 17]. Table 2 sums up tl@nmosocomial infections along

with their vehicles of transmission [18, 19].

According to the World Health Organisation, noso@ncontaminations are the
major worldwide cause of death and disability. €los 15% of hospitalised patients
are victims of these infections. This problem aggnifies an annual cost between

$4.5 and $11 billion [20]. In terms of Czech hoalsit there were approximately
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260,000 cases in 2010, which represented 12% obc¢hée care population [21].
Infections arede factoone of the most serious challenges in medical inipla

advancement [22, 23].

Table 2. Overview of the most common hospital-acqred infections

type of infection contributing factors primary pathogens

tract infections urinary tracts Escherichia coli

Pseudomonas aeruginosa

pneumonia airborne transmission| Staphylococcus aureus
Enterobacteriaceae
surgical wound infections Staphylococci
bacteremia (blood stream intravenous lines Staphylococci

Biomaterials may become resistant to microbial wiglation. For instance, polymers
are regularly sterilised via dry/wet heating oadiation. However, these materials
may get contaminated by microorganisms when theye&posed to the atmosphere
again. Other method is to endow a biocidal functmthe materials. It may be done
through three alternatives: the first oneals initio by adding antibacterial agents
during the process. The other ones are carriec@ftert processing, either by fixing
the biocide on the polymer backbone or by graftirejagents onto polymer surfaces
[24-28]. Polymer-containing biocides moieties havaso disadvantages,
fundamentally problems with cytotoxicity and a lied protection [29-31]. It is
worth pointing out that whether a medical implardesl not have an optimal
cleanliness regime, this antibacterial property W# no longer useful, since HAIs

have not been, and probably never will be completeddicated.
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1.3 Viability of antimicrobial materials

An imperative issue once any cell is taken frormaguralin vivo environment is its
viability during an experimental manipulation. Hent¢he development of vitro
models to assess toxicity of chemicals substanagdécome crucial. Thesevitro
systems aid in the understanding of drugs-host mpdecausen vivo ones are
complicated and difficult to comprehend. Besidasyitro models allow decreasing
the number of animals in biological testing, whicrmally go through painful
experiences [32].

Toxicity is the extent of damage that a substaneg mduce in an organism. It
arises either by the effect on a whole organisen §nimal, bacterium, plant), or the
effect on a substructure, as a cell (cytotoxicdy)an organ (organotoxicity) [33].

Definitions of cytotoxicity change according to thature of the study and whether

cells are abated or their metabolism is alteredl [34

Antimicrobial agents are substances able to coaateor inhibit the growth of
microorganisms [35]. Table 3 lists some natural apdthetic compounds which
are frequently set against bacterial strains [3p-4&hould be noted that the yield

of these agents hinges on concentration, temperana stability in the medium.

Various methods have been hitherto designed to exearoell viability and
proliferation in cell culture. Colorimetric and lumescence based assays are
typically used. Cell death and proliferation are tkey issue here; for example,
membrane integrity is ascertained by measuring@ieadehyrogenase (LDH) in the
extracellular medium. This enzyme is present in tgtosol, and may not be
measured extracellularly unless some cell damagebbitallen. The LDH assay is

based on aoupled enzymatic reaction that results in the eosion of a tetrazolium
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salt (INT) to a red colour formazan. LDH activigydetermined as NADH oxidation

or INT reduction over a pre-establish period ofeifil].

Table 3. Antimicrobial agents that are typically enployed in medicine and

medical devices

synthetic compounds effective against
benzalkonium chloride gram positive and negativaiss
bronopol gram negative strains
chlorhexidine gram positive and negative strains
irgasan gram positive and negative strains
guinolones mainly gram negative strains
silver nitrate gram negative strains
sulphonamides gram positive strains
tributyl phosphonium salts gram positive and niegagtrains

natural and seminatural’ compounds

derived from chitin (chitosan and N-alky§jiram negative strains

chitosan)

B-lactams mainly gram positive strains
aminoglycosides gram positive and negative strains
terpenoids gram positive and negative strains

T Seminatural: Substances derived from natural ssurce

Another parameter of colorimetric assays is coretetd the metabolic activity of
viable cells. The MTT assay consists in the reductf thetetrazolium saltMTT)

to formazan. It quantifies the number of live cdfigure 2), since this salt is just
reduced by mitochondrial succinate dehydrogenaggnem in the mitochondria of

living cells [42]. Adenosine triphosphate (ATP)ubiquitous in all metabolically
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active cells, and it may be estimated by bioluntees measurement [43]. Other
methods, like®’chromium ¢'Cr) release assay, neutral red, sulphorhodamine B
(SRB) and WST are also apt for these type of erpats [44-46].

0.8+

Absorbance

0.0

| | |
0 20,000 40,000 60,000

Number of Cells

Figure 2. Standard cell quantification curve usMgT cell proliferation assay [42].

1.4 Collagen as a biomaterial

The collagen is a family of fibrous proteins, whiene present in nearly all
mammalian tissues. These constitate 25% of the whole-body protein content.
Their abundance is mainly centred on connectisaés, such as tendon, ligaments
and cartilage. Skin also contains these proteinsiclware involved in prime
biological functions, such as tissue formation, @tachment and proliferation
[47]. Around 19 proteins are catalogued as collag¢oreover, there are several
proteins which have collagen domains. In its natoren, collagen is a triple helix
formed from three polypeptide chains, whose gersgglience is (X-Y-Gly) The
presence of glycine (which is the smallest amind)a&s every third amino acid in
the repeating sequence of each chain is essdrgzduse other amino acid may not
fit in the centre of the triple helix where the @brchains come together. Proline

(Pro) is recurrently in the X-position of the -XG@l- sequence, and 4-
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hydroxyproline (Hyp) in the Y-position [48]. Indeethydroxyproline is almost
unique to collagen representing approximately 14%otagen dry weight. Thus, it
Is used as an indicator to quantify this proteira &nd hyp hinder the polypeptide
chains rotation and the triple helix is stabilideg hydrogen bonding. Hence, the

molecule is relatively rigid [49].

Since the first structure proposed by Rich and kCiit 1955 [50-52], collagen
structure has been comprehensively studied, bdéng-Rro-Gly), and (Hyp-Pro-

Gly), the most repeated sequences (figure 3). Howeviele th demonstrates that
other amino acids may be found in collagen molecstaucture [53, 54]. The
collagen family may be classified according to ghelymeric structures. For
instance, collagen that forms small filaments (sypell, 1ll, V, and Xl), collagen

that forms network structures (type IV, VIII and, Xiprillar proteins with collagen

domains (types VI, VII, IX, XII, XIlI, XIV, XVI, XVII and XIX). Collagen types

XV and XVIII have been only partially characterig&é).

(B)

Figure 3. (A) Collagen arranged into a triple hellcstructure. (B) The (Pro-Pro-Gly)which is
the most widely investigated collagen sequence[51].
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Table 4. Amino acid composition of mammalian dtagen

Amino acid Composition (g/100g of protein)
Glycine(gly) 29.7+£0.5
*Proline(pro) 13.0+0.3
Glutamic acid(glu) 11.9+0.1
Alanine(ala) 9.3+0.1
Arginine(arg) 8.7+0.5
Aspartic acid(asp) 5.6+0.5
Lysine(lys) 3.6+0.2
Leucine(leu) 3.1+0.1
Serine(ser) 3.0+0.1
Valine(val) 2.5+0.1
Phenylalanine(phe) 2.3x0.1
Threonine(thr) 1.940.1
Isoleucine(ile) 1.61£0.1
Glutamine(gin) 1.0+£0.3
Asparagine(asn) 0.7£0.1
Histidine(his) 0.6+0.2
Methionine(met) 0.6+0.1
Tyrosine(tyr) 0.5+0.1
Cysteine(cys) 0.2+0.1
Total 99.8+0.1

*The value includes proline(pro) and hydroxypro(img)

1.4.1 Atelocollagen

There are two typical procedures for isolating agdin; enzymatic digestion and

salt/acid extraction.
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Enzymatic digestion cleaves crosslinks by usingiga®es €.9., pepsin, trypsin)
which are enzymes that break the crosslinks amaralstgen molecules. It results
in soluble triple helices known as atelocollagehjolv possesses exactly the same
physical properties of the untreated collagen (Bgd). Because of atelocollagen is
soluble in acid pH, its liquid form may be mouldediverse physical shapes, such
as atelocollagen films by casting, sponge-likecitmes by freeze-drying, yarn-like
by extrusion, atelocollagen powders, gels, blodkbes, pellets-like and other
configurations [56-58]. Atelocollagen has been usedistinct branches of collagen
research; for example, polymer blends, drug defivgrolymer grafting, tissue

engineering, nerve restoration and cosmetics [49-61

Protease

\(e‘g‘, Pepsin)

Atelocollagen

Figure 4. Atelocollagen via enzymatic digestione Tieated collagen keeps its intermolecular
bonding; that is why atelocollagen has the samesiglay properties of untreated collagen.

1.5 Surface modification by plasma treatment

Any biomaterial needs to have an appropriate mechlastrength, malleability and
functionality. These parameters are governed bl ptdperties, whereas biological
responses are controlled by surface composition. af@rementioned, natural
polymers are abundant and inherently embeddedlodical functions and these are
indeed, enormous advantages. Nonetheless, thegicplitemical manipulation is
restricted by the drastic changes that these mdgrgao after any kind of treatment.
For this reason, plasma surface modification tepheiis extensively employed in

biomaterials science, since surface propertiesbemmbmpatibility may be enhanced
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confining the treatment to the top layer withoutefing the bulk properties [62, 63].
Albeit there is a broad range of values, many astlagree that plasma penetration
depth is within the mesoscopic scale (1-1,000 nmd) depends on the substrate and

on the operating parameters [64-67]. Figure 5 oetlithe main features that were

described.
Biological Response
—DMechanical Strength
—Durahility
—Functionality
1 1 1 lPlasma(DlNlﬁr...} R R R R R R

Figure 5. Conceptual approach of plasma treatmamhaterial science.

Plasma treatment is a versatile surface modifinatechnique. Different carrier
gases (carbon dioxide, fluorine-containing gasesgjrdgen, nitrogen, nitrogen-
containing gases, noble gases, oxygen and steam)pnaguce unique surface
properties for various applications. Table 5 digplaome of the main advantages

and disadvantages of this technique.

Plasma is partially ionised gas, which is composkdeutral atoms or molecules,
rays of broad range of energies and positive amghthe charged particles with
approximately equal charge densities. Plasmas majeherated when an atom or a
molecule gains enough energy and is excited intergatic states by radio
frequency, microwave, or electrons from a hot fegindischarge. As soon as the
random molecular kinetic energy exceeds the iooisanergy, collisions then strip
some electrons from the atoms, creating a mixtbisdextrons and ions [68].
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advantages

Table 5. The main pros and cons of plasma surfaceadification technique

disadvantages

It is not a simple processe,, it

modification is confined to tr:]e =
g

surface layer without affecti has high-scales difficulties

bulk properties

» excited species may modify the = all the chemical reactions

surfaces of all polymers, implied are still unknown
regardless of their nature pr
chemical reactivity

» versatility: each gas eliciis = It is not a selective reaction.

different chemical and physical Therefore, it is very difficult to

modifications know the amount of organic
entities formed on the surface
» modification is fairly uniform

over the whole surface

» solvents are not required

Surface reactions are the ones that occur at tleefane between a gas and the
outermost layer of a material. Plasma treatmenveys reactivity onto the treated
surface via plasma species, electron, ions, andrddiation [69]. In general,

reactions of gas plasmas with polymers may beitkedsiz.

Plasma polymerisation: it is the creation of a thim on the polymer surface by
organic monomer polymerisation as methane, ethatetrafluoroethylene.
Sputtering and etching: in a sputtering processten@ds are ablated from the
polymer surface by chemical reactions and physeahing to form volatile
molecules. Neon and argon are frequently usedliformating organic contaminants
from polymer surfaces. The difference between spuy and etching is only in the
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amount of material that is removed from the surfadéhen degradation is

prominent, etching will take place on the polymenface [70].

Surface properties hinge on the carrier gas; therireatment may be performed for
cleaning, sputtering, etching, implantation, angad&tion. Noble gases are inert and
do not react chemically with the treated samplé,tbese transfer reactivity giving

rise to bond breakage and the subsequent origireefradicals, which may endure
for several days and undergo various reaction$adty helium, neon and argon are
often applied for cleaning and sputtering, whilgfom, krypton, and xenon have found
applications in implantation and deposition. Argenthe typical noble gas used in
plasma treatment owing to its relatively low caoavailability, and high yield in

sputtering processes. Inert gases are also utifitsedleaning before treating the

substrate with a reactive gas [71, 72].

Nitrogen is also considered as a low reactive gasaccount of its electron
configuration (1525 2p* 2p,' 2p,"). However, oxygen functionalities are always
incorporated in polymer surfaces after non-oxygdasmpa treatments. This
phenomenon is a consequence of breaking bondsreadddicals formation that
once the samples are withdrawn from the plasmataeddgger the reaction
between atmospheric oxygen and free radicals. Guriaettability, printability,
adherence and biocompatibility may be amelioratgdibrogen-containing plasma
treatments [73, 74].

Oxygen and oxygen-containing plasmas are conveatioemployed to increase
surface energy. Oxygen plasma may react with palynpeoducing a variety of
functional groups, like hydroxyl, carbonyl, carbgxyether, and peroxide.
Furthermore, oxygen plasma also induces etchingpagmer surfaces through
reactions of atomic oxygen with the surfaces. Stp®ma is rarely applied, but its

effect is akin to the oxygen one [75-77].
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Fluorine-containing plasma is also set for surfatming. Nevertheless, it has the
opposite effect than oxygen and oxygen-containilagrpas.Ergo, this treatment
prevents the inclusion of oxygen functionalitiesm@ases surface energy. Although
hydrogen plasmas may be employed to raise hydroghghthis technique is not
effective, since atomic hydrogen reacts with atrhesijc oxygen forming oxygen-
containing groups on the surface [78]. Figure Gsiitates the surface topography

changes after plasma treatment in individual atinesgs.

A) (B) ©) 3 £y

Sum o

Figure 6. Changes upon atelocollagen surface mdgaho (A) untreated surface, (B) Argon, (C)
air plasma treated.

1.5.1 Plasma treatment: Applications in industry ad medicine

Plasma treatments have been used for numerousaippiis in the biomedical area:
contact lenses, artificial heart valves, vascutaftg, catheters, dialysis membranes,
prosthetic devices, and materials for bone joipaneand replacement. Contact lens
materials are a classic case, as these materiats mgh oxygen permeability and
surface hydrophilicity. The commercially availalbdsns material is a copolymer of
an alkyl acrylate and a siloxane. The siloxane camept in the copolymer increases
oxygen permeability but reduces the lens surfaggylting in poor patency of the
tear film/lens interface. Oxygen-plasma treatmemttioe lens material increases
hydrophilicity, making the lenses more comfortalite wearing [79]. Plasma
deposition (including both grafting and polymensaj may create a new surface

setting which promotes cell attachment and celliferation on tested surfaces.
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Plasma sputtering and etching treatments are apptie cleaning, sterilisation
and/or wettability improvement. Table 6 resumesesaoifithe search areas of plasma

treatment in biomedicine [80].

Table 6. Applications of plasma treatment in biomagrials engineering

Barriers coatings
drug-release, gas-exchange membranes, device fooatgmrotection from corrosion
(additives, catalysers, plasticisers)

Biosensors
biomolecules immobilised on surfaces

Blood-compatible surfaces

vascular grafts, catheters, stents, heart valvesnbranes, filter (for blood-cell
separation)

biomolecules immobilised on surfaces

Non-fouling surfaces
contact lenses, wound healing, catheters, biosgnsor

Tissue engineering and cell culture
cell growth, antibody production

Plasma treatment is also used in other realms \sssdi as automotive industry
(flocking glove boxes, gluing or soft coating dasafds, gluing, painting or
metallisation of exterior or interior parts, pangi bumpers, bonding filters for
automotive engine and connector housing), eleatsofideoxidation of contacts,
activation of electronic assemblies before encapsu, pre-treatment of connectors
and CD-parts), photography (coating and printabijlitextile industry (improving

dyeability and modifying permeability), mobile ples) aeronautics, sports,

superconductors, packaging industry and ceramitds [8
Pursuant to the New York stock exchange (NYSE) méasechnology is a

promising industry in the cleantech sector with 1i2d companies from different
countries that earned roughly $49 million in 2088][
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1.5.2 Plasma technologies linked to tissue enginaey

In the previous unit was stated that scaffolds mestder a suitable surface
chemistry for cell attachment, proliferation andfetentiation; and functional
groups influence these cellular extents. On accaidirthe reactivity that plasma
confers to any material surface, there are twaegras for surface modification.
The first one is using plasma treatment for grgf@nhydrophilic polymer onto an
inert surface in order to increase surface hydtauiyi The other possibility is by
introducing polar entities straight on the surf488]. As may be noticed, these
approaches have one thing in common: the inclusidanctional groups.
Concerning to physical properties, surface morpiwlalso influences cell
anchorage. Aiigher effective surface permits more availablessfor cells-substrate
interaction [84] Figure 7 is a schematic illustration of cell-m&tk surface
interaction that underlines how surface crystalinihydrophilic/hydrophobic
character, roughness and chemical compositionspihge on cell adhesion.

There is an extensive literature which has beermtdevto study substrate surface
modification to support human cells [85, 86].

JUl

|

Surface Surface Surface Surface
Crystallinity Energy Topography Composition

Figure 7. Schematic illustration of cell-materiairéace interactions.
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2. SURFACE CHARACTERISATION TECHNIQUES

To confirm chemical and physical changes in theympel surface, X-ray
photoelectron spectroscopy (XPS), also known a<trele spectroscopy for
chemical analysis (ESCA), in combination with atteted total reflection Fourier
transform infrared spectroscopy (ATR-FTIR), scagnielectron microscopy
imaging (SEM)and measurement of the contact angle with a sefidisjuids of
varying surface tension (Zisman series) are nogmathployed. There are a lot of
surface analysis techniques which may be choseromfiormity with the surface
valuation that is required. Therefore, factors as@ing depth, surface diagnosis,
universality, cost-effectiveness and sample suitghbhave to be deemed before
selecting the pertinent techniques. It is importanémphasise that each technique

supplies distinctive but complementary information.

2.1 X-ray photoelectron spectroscopy (XPS)

The XPS is a quantitative spectroscopic techniqua provides the elemental

composition, chemical bonding and electronic stditall chemical elements expect
hydrogen and helium in a surface. The techniqusaged on the irradiation of the
sample surface by a monochromatic X-ray beam. Astteln energy analyser

measures the kinetic energy of the emitted phottreles from the surface. XPS is
surface specific in virtue of it does not extengddre 7 nm in depth and it has to be
performed under ultra-high vacuum conditions. Th¢amed data from a typical

experiment is plotted as electron emission intgresta function of ejected electron
binding energies. There are two types of spech@,survey spectra are used for
elemental analysis, and the photoelectron peaks &ach element in the molecule
may be identified (figure 8). The area under eaglkpcorresponds to the atomic
concentration; thereby surface elemental compasitiay be calculated by relative

peak intensities.
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Figure 8. XPS survey-scan spectra of: (A) collaged (B) PVC.

The high-resolution spectra supply chemical bondmigrmation. The electron

binding energy depends not only on photoemissiahalso on the chemical state of
the element and the chemical surroundings in théecute. Hence, XPS is also
helpful to differentiate organic functionalitiesrélugh chemical shifts [87]. For

example, Poly(vinylidene fluoride), known as PVDias two peaks at around 286.3
and 290.8 eV corresponding to €&hd CE groups, respectively, which may be
easily identified. Nonetheless, the technique isale to resolve some functional
groups, such as C-OH/C-O-C or between carbonyl Gcartdoxyl groups, because
these functions have very similar binding energlegure 9 shows the range of

chemical shifts observed in C1ls and O1s core-leweling energies.

°F,

|

285 290 295 300
Binding Energy (eV)

Figure 9. Experimental chemical shifts of some ©uks and functional groups [88].
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2.2 Attenuated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR)

Infrared (IR) is electromagnetic radiation betwelh290 and 10 cih and it is
divided into three regions: near IR (14,290-4,000"; mid-infrared (4,000- 400
cm?) and far-IR (400-10 ci). The mid-infrared range is used in the study of
molecular vibration associated with rotational stuwe. Radiation in this range is
absorbed and converted by an organic moleculennaiecular vibration energy, and
the absorption frequency or wavelength depends oglative atomic masses, bond
types, bond strength and molecular arrangementreblie this spectroscopic
technique may be utilised to elucidate and identifsganic functions and
compounds, as the example which is given in fidire
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Figure 10. IR spectrum of polyethylene along wislchemical shifts [81].

Attenuated Total Reflectance Fourier Transformdréd Spectroscopy (ATR-FTIR)
is based on the fact that when a beam of radigiasses from a dense to a less
dense medium reflection occurs. This type of s@fgwectroscopy uses an accessory

which measures the changes that take place when anedft@am is internally
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reflected and comes in contact with a sample (&dii). The depth of penetration is
roughly from 0.5 to 5.0um making it the least sensitive surface technique.
Notwithstanding, it may be employed as a compleargrdnalysis or when surface
sensitivity is not necessary [89, 90].

Sample

ATR
Crystal_’

Incident

Reflected

: Angle IR beamn
Incident —_— e
IR beam To Detector

Figure 11. Representation of a multiple reflectlohR system.

2.3 Scanning electron microscopy imaging (SEM)

The scanning electron microscopy (SEM) produceselactronically magnified
image of an examined sample. SEM uses a focusddemegrgy electron beam to
generate a variety of signals at the surface olid specimen. The signals produced
by electron-sample interactions reveal informati@bout sample’s surface
morphology (figure 12).

100m 20ym 10pm Sym

Figure 12. SEM Images of atecollagen films takiedifferent magnifications.

The data is collected over a selected area givitggeadimensional image. This

microscopy has a greater magnification than ancaptnicroscope, as it engages
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electrons that have wavelengths about 100,000 tismester than visible light
(photons). Thus, SEM may achieve magnification®@,0mes greater than light
microscopes do (one million times the actual si8d)]. Polymers samples are
coated with gold or gold/palladium alloy, on accowf this coating brings
conductivity to the sample. It is also useful twtpct the samples from beam

damage which may provoke structural and chemicahgés at polymer surfaces.

2.4 Contact angle measurement

Contact angle measurement is a method utilisedeterhine surface energy of
solids. The contact angleis the angle formed by the solid-liquid and thguid-
vapour interfaces (figure 13).

020" i  SPreading

Good
0 <90° Wetting

= Q "Weting
Wetting

0 =180° No Wetting

Figure 13. Contact angle measurement: Descriptibthe spreading and wetting states.
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It is quantified by measuring the tangent angla &iguid drop with a solid surface.
When the contact angle is 0°, the liquid spreads the solid surface. In contrast, if
0 is 180°, the liquid does not wet the solid surfakesolid surface is considered
wettable if the contact angle is less than 90°; red® the surface is not wettable
when 6 is above 90°. Solid surfaces may be classified imio basic groups,

hydrophilic (wettable with water and high surfaageergy) and hydrophobic (not
wettable with water and low surface energy). Thatact angle is measured by

goniometer; the measurement may also be made Wittographs or video images.
Drop size and volume, liquid density, liquid vappuessure, surface quality, time of

equilibrium, solubility and lab temperature may sioierably influence the
measurement [92].
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3. AIM OF THE WORK

The primary idea of the present research is theldpment of a novel and cost-
effective material for tissue engineering applicas. Consequently, the following
goals will be pursued within the framework of tisctoral dissertation:

* The preparation of uniform and reproducible collagkin films by using
atecollagen (since further experiments may notdreied out without good
guality substrates).

 To activate the aforesaid specimen surfaces vian@atreatment and the
subsequent assessment of chemical and physicajehdhat may occur on
by using spectroscopic and microscopic technig@ddR(FTIR, XPS, SEM
imaging and contact angle measurement).

» To explore these surface-modified materials asnpistieextracellular matrices
in terms of cell adhesion and proliferation.

 To introduce the concept of antimicrobial moietiesthese samples and
evaluate the effect of this property on cell grawth

« To contribute to the scientific discussion surrangd surface science,

biomaterials and tissue engineering.
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4. FINDINGS SYNOPSIS

The next section intends to highlight the most isicgmt findings of this doctoral
attempt. The complete results, discussion and durtharifications are available in

the framing publications text.

Paper | dealt with surface modification by using argon spia treatment on
atelocollagen thin films. The effects of the treatmwere evaluated on untreated
and treated samples by Attenuated Total Reflect®meier Transform Infrared
Spectroscopy (ATR-FTIR), Scanning Electron MicrgsedSEM) imaging, and X-
ray Photoelectron Spectroscopy (XPS). HaCaT keveytes cell line was seeded on
these specimens and cell proliferation was meashyedITT assay. The main

results were as follows:

Spectroscopy data displayed an increase in the eoxygontent as may be
substantiated by a higher percentage of oxygenaarmaise in O/C ratio (surface
oxidation). On the other hand, nitrogen contenghgly diminished (etching
phenomenon). The ATR spectra showed the typicdhgeh bands; it means that
atelocollagen was retained upon plasma treatmemveftheless, the bands
decreased in intensity after the treatment, whichy rbe attributed to plasma-
induced reactions. In addition, there were not@iathanges in the region

corresponding to C-O stretching.
As for morphology analysis, treated surfaces werglner than the untreated ones
and presented etched features; this information wasagreement with the

spectroscopy data, in which surface etching wasrobs.

Cell proliferation wasa. 1.6 higher on the treated samples as it was refiday the

MTT assay. It evidences that the treated specinpessess higher cell-substrate
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compatibility. This biological assay was also supgd by light microscope images

which corroborated an enhanced cell adhesion.

Paper Il had a similar scope thgraper | but in this case the atelocollagen films
were modified by using nitrogen and air plasmatineat. Both untreated and
treated samples were characterised by spectrosempicmicroscopic techniques.
HaCaT cell growth was also carried out on both graai samples and cell

proliferation was determined by MTT assay. The nmittomes were as follows:

The XPS data showed an increment of the oxygeneobrafter air and nitrogen
plasma treatment; besides a rise in the O/C raiditned the extent of surface
oxidation after each treatment. This extent wafidngpn the samples treated with
air than on the nitrogen-treated ones. Likewise,mitrogen content increased just in
nitrogen plasma treatment, which is most likelyatetl to nitrogen-containing

entities.

The ATR-FTIR spectra evinced that the distinctieptde bands remained, which
means that the collagen backbone was not drasticaddified. Notwithstanding;
the intensity of the bands decreases after thémezds (plasma-induced reactions).
For instance, the characteristic amide N-H stretghshifted down denoting an
alteration in the surface chemistry. The peaks@atam to methyl and methylene
stretching deformation shifted and changed in gtierand it was particularly
noticed on nitrogen treated samples. The nitrogedimm also gave rise to bands
which may be assigned to N-O stretching. The barmsesponding to C-O-C
linkages underwent evident alterations after baghtments.

In regard to surface morphology, remarkable changa® found in SEM images.

E.g., the treated samples depicted rougher surface tapbgrand etched features,

whereas the untreated films had a relatively smauathrphology. This was in
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agreement with the spectroscopic results where attemthe carrier gas, surface

ablation took place.

Higher absorbance values and a more cell aggregdtesed on the treated surfaces
sustained that these surface-modified substratdsbb#ter conditions for HaCaT

keratinocyte cell growth.

Paper Il focuses upon the study of HaCaT keratinocytes ewlbility and
proliferation on potential antimicrobial substratelSBive commercial biocides
(benzalkonium chloride, bronopol, chitosan, chlartime and irgasan) were added
at different concentrations (2.0, 1.0, 0.5, 0.2 @rid 0.02%) in atelocollagen
matrices. In order to assess how these antibalctgents influence the growth of
keratinocyte cells on atelocollagen substratesptoyicity and proliferation were
determined by MTT assay. This part of this doctoeakarch provided the following
upshot:

Results revealed that the extent of cytotoxicitamjified as percentage of viability
was low regardless of the substance or the coratarirthat was used. The viability
range was within 74-99%. The lowest value was foanccollagen-benzalkonium
chloride 2.0%, whilst the highest one was for thetrim with bronopol 0.02%. The
data indicated that these biocides did not drdbtiazhibit the viability of HaCaT
cell line (According to 1ISO 10993-5, percentagescell viability above 80% are
considered as non-cytotoxicity; within 80-60% we6@R:40% moderate and below
40% strong cytotoxicity respectively). The percegetaf viability with respect to
concentration depicted a fall by increasing conedin and the samples with
chlorhexidine (2.0 and 1.0%); Irgasan (2.0 and }.6%d benzalkonium chloride
(2.0, 1.0, 0.5 and 0.2%) were found significanfed#nt at a confidence level of
95%.
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Concerning to the capacity of these compounds strai@ HaCaT cell growth, it
disclosed that chitosan, bronopol and chlorhexidhed lower inhibition in
comparison with irgasan and benzalkonium chlorideciv were the strongest ones

in all the cases.

HaCaT cell proliferation on the substrates with amithout biocides was also
evaluated by using MTT assay. It was found out ek attachment marginally
diminished. The substrates endowed with chitosah @moenopol did not show a
statistical significance, whereas the samples walitorhexidine, irgasan and
benzalkonium chloride have statistical significaacel three cases were considered
as very significant ones (irgasan 2.0%, benzalkonohloride 2.0 and 1.0%). Cell
proliferation under chitosan medium was higher tharmer the other media
followed by bronopol, chlorhexidine, irgasan andvzakonium respectively. Cell
proliferation as a function of concentration extedi a decreasing trend by
increasing concentration of inhibitor, which conhes with the findings obtained in

the cytotoxicity study.
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5. CONCLUDING REMARKS

5.1 Conclusion

The conclusions and closing remarks pertaininghto gresent doctoral thesis are

summarised as follows:

Despite argon is an inert gas its primary effecp@sma treatments is to supply and
deposit energy via plasma species giving rise tsstinking, bond breaking and
diverse intramolecular rearrangements, which intactnwith atmospheric air may

drastically alter surface properties.

Air contains reactive gases in its composition.rdgjen is a low reactive gas that
only reacts spontaneously with few chemical compsunn that respect, the
exposure on air and nitrogen plasmas gives freetoemany reactions which occur
either in the plasma chamber or after the treatraeatmbient conditions leading to
surface ablation and functionalisation. The O/Gorahder air medium was higher,
this points out that the main difference amongsi treatments is that air plasma
treatment incorporates more oxygen-containing fonelities and consequently,
more hydrophilicity to the samples. It necessaryetmall that plasma treatment with
any of these gases does not produce a uniqueduatity on collagen surface.

Keratinocytes cell proliferation is remarkably enbed after using these carrier
gases. It is ascribed to the favourable role o$mkatreatment in inducing surface
oxidation and increasing surface roughness conifgrtthe strong dependence of cell

adhesion and proliferation on surface propertieslanocompatibility.
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Cytotoxicity is concomitant to concentration antie®on each agent. Bronopol and
chitosan emerge as the less hazardous to thislicejl as long as irgasan and

benzalkonium chloride exhibit more power of inhidmt.

HaCaT cell viability is barely altered by the pnese of these substances. Only in
eight from thirty samples the cell viability wasgstically lower than that found on
the substrates without biocides. It means thatddrilgese samples offers an optimal
environment for this cell line, which is a key factn choosing a scaffold for tissue
engineering. For this reason, the study of thesenamobial atelocollagen films is a
worthwhile cause in the development of medical ampd able to withstand and

neutralise harmful microorganisms.

5.2 Contribution

The outcome of this doctoral research strengthans/kedge on the following fields

of science and technology:

» The use of atelocollagen as a prospective tissgmeering scaffold due to its
tractability.

» The effect of air, argon and nitrogen plasma expsson chemical, physical
and biological properties of biopolymers surfaces.

« Human cell growth on natural polymers and how ailture may be
heightened.

« Strategies and viability studies for rendering bigmers resistant to
microbial colonisation.

» HaCaT keratinocytes cell response on the aforesdodtrates.

* Progress in novel materials as potential candidatemedical implants.

-42 -



5.3 Future Prospects

Tissue engineering is path towards creativity withinent progress in the last years.
It may be evidenced by the plethora of related ipabbns. There are outstanding
breakthroughs which have been attained in clinidals on tissues and organs.
Nevertheless, the final goal of tissue engineesimgll be the complete regeneration
of organs with complicated physiological and bigoiel functions, such as heatrt,
liver, kidneys and pancreas. With regard to hunkam, $she effort has to be aimed at
having a controllable and enhanced cell growthbfath epidermal and dermal layer
repair in cases of full-thickness burns, non-heglincers, pigmentation defects,
melanomas, blistering disorders, psoriasis androtieonic wounds. It is well
known fact that self-healing is long and with malif§iculties.

It is impossible to ignore that nosocomial contaation circumscribes a serious
danger for medical implants, since infections nmegdl to material futility, and also
by the fact that any cultured cell material carriles risk of transmitting viral or
bacterial sepsis. Hence, the study of antibactstghces by using different kind of

antimicrobial agents is something that deservé®tbeeded.

The great challenge would be to create novel bien@s able to simulate the
extracellular matrix in inducing attachment that tarn may be capable of

counteracting pathogenic microorganisms.
Just few areas of technology demand more intemisary teamwork than tissue

engineering or have the impact on quality and leraftlife; therefore, researchers

are facing untold challenges in materials, biolagy engineering sciences.
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This supplementary section includes two appendidese the first one contains the
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curriculum vitaeof the author.
Appendix A: Framing Papers

This appendix holds the full text version of thife@ming publications where the
reader may find further information of each reskaatong with experimental

details, results, discussion and the correspondifegences.
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Abstract: Argon plasma treatment was used to modify the aserfof atelocollagen films
using a plasmochemical reactor. To evaluate thecisff of the treatment, untreated and
treated samples were characterized by Attenuatethl TReflectance Fourier Transform
Infrared Spectroscopy (ATR-FTIR), Scanning Electrdwicroscopy (SEM) imaging, and
X-ray Photoelectron Spectroscopy (XPS) techniqu€sll growth was carried out by
culturing human immortalized keratinocyte (HaCaTgllsc and proliferation was measured
via MTT assay. It was observed that argon plasneatirent significantly enhanced the
extent of cell proliferation, which was ascribed ttee favourable role of plasma treatment
in inducing surface oxygen-containing entities tbge with increasing surface roughness.
This can be considered as a potentially promisipgpr@ach for tissue regeneration
purposes.
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1. Introduction

Collagen is a fibrillar protein that exists in nigaall mammalian tissues. It constitutes ca. 25% of
whole-body protein content. Its abundance is esgfigcconcentrated in connective tissues, such as
tendons, ligaments, cartilage as well as skin. Meee it is connected with important biological
functions, such as tissue formation and cell attesit [1]. On this account, collagen is extensively
used in the design of materials with potential mjgyions in the biomedical field.

Skin consists of different types of cells, suchkagtinocytes, melanocytes, and fibroblasts [2]s It
well established through wound healing, transpléona and cell culture studies that human
immortalized keratinocyte (HaCaT) cells play a ¢alcole in epidermal tissue regeneration, since
they are spontaneously transformed to human ketias which have the traits of basal epidermal
keratinocytes and can be delivered in deep burescé] this cell line can be exploited aslarvitro
model for highly proliferative epidermis [3-6].

Argon is a member of the noble gases class which ggoup of chemical elements of identical
properties. They are colourless, odourless, andgsssvery low reactivity because of a full valence
shell [7]. For this reason, plasma treatment bylex@ases is of importance since these gases do not
react chemically with the treated sample. Neveefgl it conveys reactivity onto the treated surface
via plasma species, electrons, ions, and UV-radiatin fact, inert gas plasma treatment is used in
periods typically from 1s to several minutes, ahi$ £xposure is enough to abstract hydrogen and to
produce free radicals at or near the surface wthiem interact to form cross-links and unsaturated
groups; notwithstanding, these chemical and phlysikanges are restricted to the top several hundred
angstroms without affecting bulk properties [8, 9].

Depending upon the noble gas and time of the tesatnthis type of plasma treatment can then be
performed for cleaning, sputtering, etching, impddion, and deposition on the substrates; for
example, helium, neon and argon are often usedléaming and sputtering, while argon, krypton, and
xenon have found applications in implantation aegasition. Nonetheless, argon is the most common
noble gas used in plasma treatment due to itsvediatow cost, availability, and high yield [10].

Noble gases-based plasma treatment has widely bsedh in a diversity of applications,qg,
surface modification of polymers [11-17], glass][18arbon fibres [19], superconductors [20], metal
and alloys [21,22], and textiles [23-26}s for medical uses, there are several studiesumed on
cleaning surfaces [27-29] and cell attachment [BP-B this contribution, focus is directed ontceth
surface modification via argon plasma treatment ara@mination of keratinocyte human cell growth
on atelocollagen surfaces which has not yet beere.dBurthermore, a systematic study of argon
plasma treatment effects on HaCaT keratinocyte resiponse of atelocollagen films with a view to
designing a novel material potentially suitable fissue engineering applications is undertakens Ti
accomplished via surface probe techniques togefittepertinent biological assays.
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2. Results and Discussion
2.1. Surface Spectroscopic Analysis

X-ray photoelectron Spectroscopy (XPS) spectra lmen recorded in order to gain an insight into
the chemical modifications of the treated surfdé@m the analysis of these spectra, carbon (C1s),
oxygen (O1s), nitrogen (N1s), and sulphur (S2pijnelets were detected on both untreated and argon
plasma treated samples surfaces. The respectiveeeial compositions along with the corresponding
atomic ratios are shown in Table 1. The data shawsnsiderable increase in the oxygen content
subsequent to the argon plasma treatment whicltsasraflected as a raise in O/C ratio. This is
ascribed to the occurrence of surface oxidizatwhgh are, stimulated by the argon plasma treatment
followed by exposure to the air [36-39]. As suggdsby the data, nitrogen content slightly decreases
which can be connected with the etching phenomewbiie that of sulphur remains unchanged. The
presence of sulphur seems to stem from sulphumgung amino acids [40, 41].

Table 1. Elemental compositions of the untreated and tdefiitas by XPS measurement.
Sample Cls% NI1s% O1s% S2p% N1s/Cls @T4s

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 0.19 0.43

Attenuated Total Reflectance Fourier Transform drdd (ATR-FTIR) spectra from untreated and
argon plasma treated samples are shown in Figuhe the untreated sample spectrum, amide | and Il
characteristic bands at 3,306, 3,079, 1,630, aBd91¢ni* can be identified, where the ones at 3,306
and 3,079 cit correspond to peptide bond N-H stretching. The G#@tching interaction with the
amide | N-H vibration gives rise to an absorptiarl#®30 cnt, while its interaction with C-N leads to
the band at 1,549 ¢ Characteristic signals due to amide Ill appeat,a80, 1,239, and 1,204 ¢
which originate from N-H bending and C-N stretchimgeractions. In addition, in the spectrum of the
untreated sample, one can recognize the otheratypimide vibrations assigned to C-N stretching and
N-H wagging which appear at 1,400 and 693 cmespectively [42-43]. The absorption peaks within
the 3,000-2,800 cihspectral range are attributed to aliphatic C-Htshiag; likewise, the bands at
1,491, 1,450, and 851 chare associated with C-H vibrations. As for the argtasma treated sample,
the characteristic amide bands are also visibleelwhinplies that atelocollagen is retained uponm&as
treatment. However, the intensity of the bands eks®s after the treatment which can be a
consequence of plasma-induced reactions [44-45jth&umore, the bands within 1,160-1,000 tm
assigned to C-O stretching mode undergo evidalterations after argon plasma treatment.
Particularly, a peak at around 1,100 tuue to C-O-C linkage gains strength, which meaas dingon
plasma treatment affects the chemical compositioth® surface, as earlier discussed in more detail
XPS section. It should also be noted that unsadrdbuble bonds, such as alkenes (-C=C-) and imino
(-C=N-) can possibly arise after the argon plasreatinent [46-47], but cannot be viewed due to
overlapping peaks, prospective cross-linking olitsafficient surface-sensitivity of ATR-FTIR.
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Figure 1. ATR-FTIR spectra of: (A) untreated and (B) argdesma-treated films.
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Figure 2. SEM surface topography of (A) untreated and (Bparplasma-treated samples.
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2.2. Effects of argon plasma upon surface topogyaph

Visible changes in surface topography can be obseafter argon plasma treatment, as evident

from Scanning Electron Microscopy (SEM) images (ffegg2). The untreated film has a relatively
smooth morphology, while that of argon plasma gdadample is of higher roughness and shows
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etched features. This is in agreement with thelt®suoentioned in previous sections, where surface
etching due to the argon plasma treatment was wbdeAn enhanced roughness is considered as a
beneficial factor in adhesion processes, siitcés a consequence of surface etching and
functionalization [48].

2.3. Effects of argon plasma treatment on cellbanaviour of HaCaT on collagen films

HaCaT cells behaviour on untreated and argon plaseaded samples evaluated using MTT assay
is given in Figure 3. It is found out that cellahment significantly increases, as reflected k@ th
absorbance value which is approximately 1.6 timighdr for the argon plasma treated samples than
the untreated films. This indicates that argon mpkadreated films show higher cell-substrate
compatibility and thus, are more appropriate fesue regeneration applications. This is also stggbor
gualitatively by the light microscope images shownFigure 4, where the extent of cell adhesion on
untreated and argon plasma treated samples caonnipeaced to a control specimen. A higher amount
of cell aggregates in form of ripple-like areas ex@dl on the surface is identified for argon plasma
treated sample. Although the mechanisms of HaCaiesaoh and proliferation upon the different
substrates are still unclear, it is well known tHigin roughness and porosity influence cell
adhesion and cell proliferation. Besides, surfaolamentities content is a crucial factor because
HaCaT cells are mainly attached by carbonyl antbamafd groups, thus their cell growth tends to be
favoured in hydrophilic surfaces [49-53]. This ektment is also supported by hydrogen bonding and
van der Waals forces, which reinforce the linkingtveeen cells and films [54]. An increase in
roughness and surface polar functionalities afigroging atelocollagen films to argon plasma promote
cell adhesion and proliferation. The results sugdest argon plasma treated atelocollagen films are
potentially suitable materials for tissue regenenat

Figure 3. Comparison of HaCaT cells growth upon untreated argbn plasma-treated films,
measured by MTT cell proliferation assay at 570 nm.
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Figure 4. Light micrographs of Human skin HaCaT keratinosyte culture upon the collagen
films compared with control, (A) untreated, (B) angplasma-treated.

3. Experimental
3.1. Materials

Atelocollagen from bovine Achilles tendon (emulsihich contents 1.43% of atelocollagen, pH 3.5)
was supplied by Vipo A.S, Slovakia. Tissue cultdishes of diameter 40 were provided by (TPP,
Switzerland). Acetic acidd9% was obtained from Penta, Czech Republic. V{BraaTT cell
proliferation Assay kit (V-13154) was purchasdbm Invitrogen Corporation, USA. Human
immortalized non-tumorigenic keratinocyte cell liaCaT [55] (Ethnicity, Caucasian; Age, 62 years;
gender, Male and tissue, skin) was supplied by @e8 Lines Service, Germany. DMEM (high
glucose) supplemented with 2 mMglutamine solution and 10% fetal calf serum wereviged by
Biotech Inc, USA, which was used as the cultureiomador HaCaT cell line.

3.2. Preparations of collagen films

The atelocollagen was solubilized in 0.1M acetia @o prepare a 0.1%w/w solution using an IKA
RCT stirring machine (IKA works, Inc, Germany) for 4 hours at 1,000 rpm. r;h2 mL of this
solution was poured into each of the tissue cultlishes. Thereafter, the solvent was evaporated at
ambient conditions for three days.

3.3. Plasma treatment

The plasma treatment of the collagen thin films wasied out by using plasmochemical reactor
(Femto, Diener electronic, Germany) with a chamiied00 mm diameter and 270 mm length,
operated at frequency of 40 kHz, pressure of 40aRd, power input of 50 W. Argon grade 4.5 was
used as carrier gases provided by Linde, A.G., @aymn The feed rate in all experiments was
5 crt/min. The duration of the plasma treatment wasriutes for each sample.
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3.4. Spectroscopic technigues

Surface chemical composition of both untreated tedted collagen films were evaluated by XPS
which was performed in a XPS microprobe instrumi@hil Versaprobe (Physical Electronics, USA).
The base pressure in the XPS analysis chamber g 6x10° Pa. The samples were excited with
X-rays over a400 um spot area with a monochromatic Kl;, radiation at 1,486.6 eV. The
photoelectrons were detected with a hemisphericalyaer positioned at an angle of 45° with respect
to the normal of the sample surface. The energylugsn was about 0.5 eV and survey-scan spectra
were made at 187.85 eV. Individual high-resolutiéts and O1s spectra were taken at 23.5 and
0.1 eV energy step for 30 minutes and the conasmtraf different chemical states of carbon in the
Cls peak was determined by fitting the curves witmmetrical Gauss-Lorentz functions. The spectra
were fitted using MultiPak v7.3.1 software from Bital Electronics, USA; which was supplied with
the spectrometer. Attenuated total reflection Feutransform infrared spectroscopy (ATR-FTIR) was
carried out on a FTIR spectrometer Avatar 320 (MicdUSA) equipped with ATR accessory. Each
spectrum was obtained by recording 32 scans atcen 2resolution. The spectral range was within
4,000-650 crit.

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 Repultipgrated at 5 kV. The specimens were 30
tilted to attain higher resolution and observatiéil. of samples were coated with a thin layer of
Gold/Palladium alloy. The images were taken at rfiggtions of 5,000 x.

3.6. Cell culture

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

3.7. Cell proliferation

The HaCaT cell proliferation on treated and unegdatiims was determined after 4 days of
culturing by MTT assay [reduction of 3-(4,5-dimdthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
which is yellow, to a purple formazan product]. Alume of 10uL of 12 mM MTT was taken for cell
incubation performed at 37 °C for 4 hours in thekdass. The media were then decanted and washed
with phosphate-buffered saline solution (PBS). Tdreduced formazan salts were dissolved with
dimethylsulphoxide (DMSO, Sigma-Aldrich, USA), atide absorbance was measured at 570 nm to
estimate the formazan concentration [56]. The stte#il analysis of the recorded data was managed
using Student's t-test, where a confidence leveBP%¥% (p < 0.05) was considered statistically
significant and 99% (p < 0.01) was considered s@wificant.
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4. Conclusions

The effects of argon plasma treatment upon atdigeh surface films and HaCaT cell response
have been studied by means of surface probe tastmitpgether with the biological assay. It is
assumed that the primary effect of argon plasmtrtrent is to provide and deposit energy via plasma
species, such as electrons, ions and UV-radiatahd substrate surface leading to cross-linkirmndb
breaking and different kind of intramolecular reagements, which in contact with air or other
reactive species can drastically alter the surfaroperties. The spectroscopic techniques show a
decrease of the nitrogen content along with thenatition of the N-H and C-H bands, which can be
attributed to the etching phenomenon. It is obsemat argon plasma treatment significantly
enhances the extent of cell proliferation ascritmethe favourable role of plasma treatment in imoigic
surface oxygen-containing entities and increasimdase roughness. The keratinocyte HaCaT cell
proliferation notably increases confirming the sgadependence of cell adhesion and proliferation on
the surface properties and biocompatibility.
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ABSTRACT Collagen films (Atelocollagen from bovine ) ) ) ) ]
Achilles tendon) were prepared in tissue culturghels and mportant biological functions, such as tissue fation, cell
their surfaces were modified by using air and jér plasma ad_he5|on and prohferatlpn. In fact, collagen isgant in _the
treatment. The treated samples were characterigsdrface SKin, tendons and cartilage [1]; thus, it afforddeesive
probe techniques including attenuated total reiflacEourier ~POsSibilities in  designing materials  for biomedical
transform infrared spectroscopy (ATR-FTIR), scagnin applications. Several authors have reported onergifit
electron microscopy imaging (SEM) and X-ray photetlon ~ @SPects of collagen researce.g. polymer blends, drug
spectroscopy (XPS). In addition, human immortalises-  delivery, polymer grafting, tissue engineering, anerve
tumorigenic keratinocyte cell line (HaCaT) was smbdn the €generation amongst others [2, 3].
treated and untreated films and cell proliferatioras
measured by using MTT assay test. The charactiemsat HaCaT (human adult low calcium high temperature)
results confirmed physical and chemical changestten cells are spontaneously transformed human keratiasc
collagen surface, such as increase in the extersudhce Wwhich have characteristics of basal epidermal kevaytes;
oxidation and surface roughness as well as, thatele so that cell line may be used asiarvitro model for highly
samples showed better cell growth thartreated ones, and proliferative epidermis in tissue engineering [4§stie
therefore this approach may be taken into acconnthe engineering is a multidisciplinary and emergindditocused
development of promising materials for tissue regetion on providing substitutes that replace tissue anstore
applications. functions. It may be reached by combining syntfiesitral
polymers with mammalian cells. There are three dasi
materials for the creation of a new tissue; catsffold and
growth factor. Cells synthesise matrices of the nissue,
while the scaffold provides an appropriate envireninfor
cells, and growth factor assists and promotes ctils
Introduction regenerate new tissue. Hence; the substrate-cedligaction

is absolutely relevant and ubiquitous in clinigédls, such as

skin transplants for patients with burns, skin tdceorneas,
Collagen is a fibrillar protein, which has receivednarkable cartilage, bone, liver and other tissues [5, 6].

interest by its abundance in the animal kingdoa 25% of
the whole-body protein content). It is involvednrany

Keywords: Atelocollagen ¢ Thin films ¢ Plasma treatment
« Cell adhesion « Cell growth « Radio frequencyctirge

In this regard, plasma treatment is an effectivel an
economical tool in the field of surface modificatjonvhich
may be used quickly, easily and it does not requétatively
expensive devices for its operation. The primarfgaf of
plasma treatment is to convey reactivity to theatwd
surfaces via electrons, ions and UV-radiation aonf the
M. Lehocky (1) treatment to the top layer without affecting bulloperties.

For these reason, plasma surface modification bas bone
'polymer Centre, Faculty of Technology, Tomas Batavetsity in ziin, ~On different materials, such as polymers, carbdies,

T.G.M Sg. 275, 76272, Zlin, Czech Republic ceramics, and proteins [7-9].
e-mail:lehocky@post.cz
Znstitute of Experimental Biology, Faculty of Scies, Masaryk University

Brno, Kotl4ska 2, 61137, Brno, Czech Republic In this work, collagen surface modification was rizd
‘Tomas Bata University in Zlin, T.G.M Sq. 5555, 760lin, Czech out by using air and nitrogen plasma treatment. ffeated
Republic samples were characterised employing, attenuatéd to

“Department of Surface Engineering, Plasma Laboratdozef Stefan

Institute, Jamova cesta 39, SI-1000, Ljubljanay@hia reflection  Fourier transform infrared (ATR-FTIR)

spectroscopy, scanning electron microscopy ima@8igM),
and X-ray photoelectron spectroscopy (XPS).
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In addition, keratinocyte cells (HaCaT) were seediett
the treated and untreated collagen samples, andcéhe
proliferation was measured by MTT assay.
characterisation methods along with the correspandi
biological assays confirmed physical and chemidalnges
as well as better cell proliferation on the plagnesated
samples thus, these materials may prospectivelye star
tissue regeneration in medicine.

Materials and Methods
Preparation of Collagen Films

An atelocollagen emulsion from bovine Achilles tendpH

3.5 which contents 1.43% of collagen (Vipo A.S,\&kia)

was dissolved in 0.1 M water solution of aceticdatd

prepare a 0.1% w/w solution using a stirring maehior 4

hours at 1,000 rpm. Then, 2 mL of this solution wasired
into each of the tissue culture dishes. Finallg, sblvent was
evaporated at ambient conditions for three days.

Plasma Surface Treatment

The plasma treatment of such prepared collagen films
was carried out by using plasmochemical reactom(be
Diener electronic, Germany) with a chamber of 106h m
diameter and 270 mm length operated at frequencyOof
kHz, pressure 40 Pa, and power input of 50 W. Aid a
nitrogen were used as carrier gases. The feedimatdl
experiments was 5ciimin. The duration of the plasma
treatment was 5 minutes for each sample. Subsdyguéme
specimens were taken and normally manipulatedrfemext
tests.

X-Ray Photoelectron Spectroscopy (XPS)

Measurements of the collagen samples were perfoimed
XPS microprobe instrument PHI
Electronics, USA). The base pressure in the XPSlysisa

detected with a hemispherical analyser positioriexhaangle
of 45° with respect to the normal of the sampldazig. The

Theenergy resolution was about 0.5 eV. And, surveyrsectra

were made at 187.85 eV, while for Cls and Ols iddal
high-resolution spectra were taken at 23.5 and¥.&nergy
step. The concentration of different chemical statecarbon
in the Cls peak was determined by fitting the csirwéth
symmetrical Gauss—Lorentz functions. The spectraewe
fitted using MultiPak v7.3.1 software which was pligd
with the spectrometer.

Attenuated Total Reflection Fourier-transform
Infrared Spectroscopy (ATR-FTIR)

The ATR-FTIR spectra of both treated and untreatadples
were recorded on a FTIR spectrometer Avatar 32@dlist,
USA) equipped with a ZnSe crystal at an inciderglarof
45°, For each sample 32 scans were recorded witt@n
spectral range of 4,000-500 ¢min the absorbance mode
with a resolution of 2 ci.

Scanning electron microscopy (SEM)

SEM images were taken by Vega LMV (Tescan s.r.@ctz
Republic). The operating voltage of the SecondadectEon
(SE) detector was 5 kV. All observed samples werated
with a sputtered thin layer of Au/Pd. In order tt dpigher
resolution and observation of the surface topographe
specimens were 30° tilted and the images were talten
5,000x magnification.

HaCaT Cell Cultivation

Human immortalised non-tumorigenic keratinocyte HaC
cells (Cell Lines Service, Germany) were seeded dhe
treated and untreated samples in the culture distmes
incubated at 37C for 4 days [10]. DMEM (high glucose)
supplemented with 2 mM L-glutamine solution and 1fe%al

calf serum was used as the culture medium

Versaprobe (Physical

MTT Proliferation Assay

chamber was about 6xTPa. The samples were excitedThe cell proliferation was determined after 4 days
with X-rays over a 40@m spot area with a monochromatic culturing employing the MTT cell proliferation agskit on

Al K, > radiation at 1,486.6 eV. The photoelectrons were
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diphenyltetrazolium bromide, which is yellow, toparple

formazan product]. A volume of 4@ of 12 mM MTT was

taken for cell incubation performed at 37 °C fohdurs in

the darkness. The media were then decanted anced/asth

phosphate-buffered saline solution (PBS). The predu
formazan salts were dissolved with dimethylsulpdexi
(DMSO, Sigma-Aldrich, USA). The formazan conceritnat
was measured in a spectrophotometer at 570 nm [11].

Results and Discussion

The XPS survey spectra of the untreated and pldssated
films are given in fig. 1. In addition; Table 1 giays the
relative peak areas of Cls, N1s and O1ls along @i and
N/C ratios for each experiment. The XPS data shaws
increment of the oxygen content after air and giroplasma
treatment, besides a rise in the O/C ratio confirenextent of
surface oxidation after each treatment. This ineneinmay be
attributed to the oxidation of pendant groups pmese
collagen backbone. There are two reactions involtreslfirst
ones occur directly in the plasma chamber and tteese
related to the oxygen and gContent of air ¢a. 20.94% and
0.031% respectively); on the other hand, the otkactions
arise once the films are taken out from the plaseztor
through free-radical reactions. Either of theseattreents
introduces many radicals which may survive for salvdays,
reacting with oxygen and other reactive speciesemein the
atmosphere leading to surface functionalisation. idt
particularly noticed on nitrogen plasma treatm@ihiis gas is
considered low reactive due to its molecular sigbiand it
only reacts spontaneously with few reagents. Naiesis,
oxygen functionalities are always incorporated itrogen
plasma treatments [12-14]. Other kind of reactispscially
centred on N-terminal and C-terminal of the proteiight
occur giving rise to Nitro R-N@ nitroso R-N=O,
nitrosamine RN(-R,)-N=0, amide (RCONk) or amines (R-
NH,) entities, which may explain the increase in the&C N
ratio after nitrogen plasma treatment. It shouldhb&ed that
plasma treatment with any of these gases doesrodupe a
unique functionality on collagen surface.
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Fig. 1 XPS survey spectra of: (A) untreated; (B) air &@§initrogen
plasma treated films.

The ATR-FTIR spectrum of the untreated samplerable 1 Relative Peak Areas of Cls, N1s and O1s beforeaétad

divided into two regions along with air and nitrogplasma
treated ones are presented
characteristic bands at ~3,300, 3,080, 1,645, 1,5530 and
695 cm' are identifiable and
overlapping, plasma treatment effects are ratheskewh The
amide | is a broad band around 1,640-1,630" oniginated
from C=0 stretching vibrations coupled to N-H bewdi
vibration. According to this absorption range, thand may
come from collagen
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in fig. 2. Peptide bond

indeed, due to peaks

the treatment.

Sample Cls% N1s9 0157%) N/IC oIC
Untreated 66.0 14.1] 19. 0.21 0.29
Air treatment | 58.1 11.3 25. 0.20 0.46
N, treatment 58.2 18.4 22. 0.32 0.39

with high proline-proline-glycine sequences [15heTamide
Il band ~1,550 cm surges of N-H bending vibrations
coupled to C-N stretching vibrations, and the amite
characteristics bands appear at ~1,280, 1,240 200 tmt
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which result from the interaction between N-H bewgdand
C-N stretching. The band at 695 ¢ns a usual amide
vibration which arises from out of plane N-H wagyifi6].

After each plasma treatment, the typical peptidedbaemain
visible which means that collagen is retained aisl

backbone

3303

A: Unireated
B: Air Plasma
C: Nitrogen plasma

Absorbance

F600 3400 3000 2800

3200 i
Wavenumbers {cm’')

A: Unireated
B: Air Plasma
C: Niirogen plasma

Absorbance

1600 1400

1000
Wavenumbers {cn’')

1200 800 600

Fig. 2 ATR-FTIR spectra of: (A) untreated; (B) air and) (@trogen
plasma treated films

Fig.3 SEM images of (A)
untreated, (B) air and (C) nitrogen
treated films
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is not drastically modified. Nevertheless, the msigy of the
bands decreases after the treatments which is lpsoha
consequence of plasma-induced reactions. For icestahe
characteristic amide N-H stretching at ~3,300 ayi8@ cm'
shift down indicating of an alteration in the swuda
chemistry. This is particularly pronounced aftezatment in
nitrogen medium where the peaks within 2,950-2,860"
corresponding to methyl and methylene stretching
deformation shift and change in strength. The isitgnof
some weak signals at ~1,485, 620 and 565 éncreases
following plasma treatment which may be assigneditm
compounds 1,485 N=O stretching, 670 and 562" d%D,
bending vibrations. Moreover, the bands within th&00-
850 cm' spectral range associated with C-O stretching
vibrations present clear alterations after both sipia
treatments; and it may be observed on the peaksafipear

at around 1,045, 1,000 and 905 tnespectively. Therefore,

it is found out through surface chemistry analysat plasma
treatment, either in air or nitrogen, is capablaféécting the
surface chemistry via ablation and functionaligatio

Significant changes on the surface morphology dafter
plasma treatment may be observed in SEM images 3jig
The treated samples show relatively rougher surface
topography and etched features, as long as theatatt film
has a relatively smooth morphology.

This is in concordance with the spectroscopic tesul
where regardless of the carrier gas, surface ablatvas
observed.

A rise in roughness and surface polar functioreditifter
exposing atelocollagen films to air and nitrogeraspha
treatment promote cell attachment and proliferatand it is
in agreement with the HaCaT cell proliferation meament
(fig. 4) which was significantly higher for eithef these
treated samples than for the untreated films.

This previous information is also supported qualiedy
by the micrographs in fig. 5, where a higher amanintell
aggregates in form of ripple-like areas adhered tba
surfaces is identified. The plasma-treated collagerfaces
offer several favourable sites and polar groups ctvhi
potentially link human cells.
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Fig. 5 Micrographs of human
skin HaCaT keratinocytes in
culture upon the collagen films.
(A) untreated, (B) air and (C)
nitrogen treated

100pm 100pm

applications likewise, the important role of orgamintities
and surface morphology on cell growth.

0.5
e = Conclusions
0E = -
i 4 XPS and ATR-FTIR results indicated that plasmatinesat
oss b - is able to alter collagen thin films via chemistsyrface
o L 3 modification. Other consequence of plasma surface
2 o3l - modification was found microscopically. Air and roigen
= - - plasma treated samples showed an increase in eurfac
Soss - - roughness.
= - 1 The Kkeratinocytes HaCaT cell proliferation was
< o0z =1 remarkably improved after both treatments, pointipgthe
- 1 special connexion between physicochemical surface
015 - = properties and cell growth. Thus, air and nitroggasma
- 1 treatment are effective tools to increase orgamitities
o1 = = (mainly O-containing functional groups) and surface
I 1 roughness of collagen films providing chemical gihgsical
nos = 1 features which enhance attachment and proliferatfn
i 1 keratinocyte cells.
? Unitreated Air Hitrodgen
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ABSTRACT

Purpose: The effective and widely tested biocides: Benzalkonium chloride, bronopol,
chitosan, chlorhexidine and irgasan were added in different concentrations to
atelocollagen matrices. This contribution seeks to evaluate how these antibacterial
agents influence cell viability and proliferation of HaCaT cell line on modified

atelocollagen substrates.

Methods: The cell line used in the present study was human immortalised
keratinocyte (HaCaT). Cell viability and cell proliferation were assessed by MTT

assay.

Results: Acquired data indicated a low toxicity by employing any of these chemical
substances. Furthermore, cell viability was comparatively similar to the samples

where there were no biocides.

Conclusion: Regardless of the agent, collagen-cell-attachment properties are not

drastically affected by the incorporation of those into the substrate. Therefore, these
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findings suggest that the samples referred to herein as ‘antimicrobial substrates’

might be suited for tissue engineering applications.

Keywords: atelocollagen; antibacterial surface; cytotoxicity; cell proliferation; MTT

assay.

INTRODUCTION

As a biomaterial for industrial application, collagen has been widely used in
many fields, such as cell cultures, cosmetics, foods and medicines (1). With regard
to medical applications, this protein possesses an excellent biocompatibility,
innocuousness and biodegradability. Due to these reasons, this matrix is deemed as
a primary resource in biomedical applications and one of the most useful
biomaterials that may be prepared in different forms, such as blocks, films, gels (2),

pellets, sheets (3), sponges (4) and tubes (5).

Skin comprises essentially three types of cell: keratinocytes, melanocytes and
fibroblasts. It is foreseen through wound healing, transplantation and cell culture
studies that HaCaT cells may be used as an in vitro model for highly proliferative

epidermis in tissue engineering (6-8).

A serious difficulty in tissue replacement is biofilm formation, which is
responsible for infections over the treated areas. Several implants have to be
removed by their poor performances. Indeed, infections are the foremost common
cause of biomaterial implant failure in medicine (9-12). Different types of polymers
are often sterilised via dry/wet heating or irradiation. Nevertheless, these materials
may get contaminated by microbes once they are exposed to atmospheric

conditions again. Hence, the preparation of anti-infective polymeric implants is a
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powerful way to overwhelm this problem (13-16). One method to develop this kind of
materials is by adding organic or inorganic antimicrobial agents in the polymers

during processing (17-21).

Antimicrobial agents are substances able to counteract or inhibit
microorganisms (22). Benzalkonium chloride (Fig. 1) is a quaternary ammonium
compound, which is one of most used and known synthetic biocides in
pharmaceutics (23, 24). Bronopol (2-bromo-2-nitropropane-1,3-diol) (Fig.1) is a
chemical compound which has a low toxicity in mammals and a high activity against
bacteria, being a popular preservative in many personal care products as shampoos,
colognes, deodorants, facial tissues, shaving creams amongst others personal
hygiene products (25, 26) Chlorhexidine, (1,1-hexamethylene bis[5-(4-
chlorophenyl)biguanide]) (Fig. 1), is recognised as a chemical antiseptic by its
effectiveness on both gram-positive and gram-negative bacteria. It is the active
ingredient in oral rinses, skin cleansers, topical solution for veterinary use and, in
small quantities, it is used as a preservative (27, 28). Another biocide, that holds
immediate long term antibacterial efficiency and marginal toxicity in clinical use, is

Irgasan (5-chloro-2-(2,4-dichlorophenoxy)phenol) (Fig. 1) (29).

Chitosan is a deacetylated product of chitin, which is produced by chitin
alkaline deacetylation (Fig. 2) and this product has properties, such as antimicrobial
activity and low toxicity (30). Besides, it is highly synthesised because chitin is the
second-most abundant biopolymer in nature. It is found in the cell walls of fungi, the

exoskeletons of arthropods, insects, molluscs and cephalopods (31).
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Fig. 2 Preparation of chitosan from chitin.

On account of the high impact of nosocomial infections in hospitals, the state of
art in antimicrobial polymers is quite extensive and well documented. Nonetheless,
there are few publications which have been committed to study the incorporation of
the above-mentioned antibacterial agents either into biopolymers bulk or in their

surfaces. Therefore, the main focus of this contribution is aimed at the addition of
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these chemical substances onto collagen matrices and to evaluate how those may
influence keratinocyte cell response on atecollagen films by means of cytotoxicity
and cell proliferation studies. The findings of this research may help to strengthen
knowledge on fields, such as antimicrobial biopolymers, human cell growth and

tissue engineering.
MATERIALS AND METHODS
Materials

Atelocollagen emulsion from bovine Achilles tendon (pH 3.5), which contains
1.4% of atelocollagen was supplied by Vipo A.S, Slovakia. Acetic acid 99% was
obtained from Penta, Czech Republic. Bronopol (2-bromo-2-nitropropane-1,3-diol)
C3HsBrNO4 98% was purchased from Fluka, USA. Benzalkonium chloride with a
predominant formula of C;,HsN(CH3),C;H;Cl 98%; chitosan 98%; chlorhexidine
(1,1-hexamethylene bis[5-(4-chlorophenyl)biguanide]) CzH30Cl2N1g 98%; irgasan 5-
chloro-2-(2,4-dichlorophenoxy)phenol C;,H7CI;0, 97% and Dimethyl sulphoxide
(DMSO) were provided by Sigma-Aldrich, USA. The reagents in this study were
used as received without any further purification. Tissue culture dishes of 40 mm
diameter and individual wells of 96-well were acquired commercially from TPP,
Switzerland. Vybrant® MTT cell proliferation Assay kit V-13154 was purchased from

Invitrogen Corporation, USA.
Preparation of collagen-antibacterial agent substrates

Five mother mixtures of atelocollagen with each antibacterial agent (2.0% weight of
agent/weight collagen) were prepared by dissolving these compounds in 0.1 M water

solution of acetic acid to obtain a 0.1% weight of collagen/weight of solution, using

-82 -



an IKA RCT stirring machine (IKA® works, Inc, Germany) for 4 hours at 1,000 rpm.
Less concentrated solutions (1.0, 0.5, 0.2, 0.1 and 0.02%) were prepared by simple
dilution. Each group of samples was casted on tissue culture dishes and the solvent
was evaporated at ambient conditions for three days. Thin films of pristine

atelocollagen were prepared and used as experimental blanks.
HaCaT cell incubation

Human immortalised non-tumorigenic keratinocyte cell line HaCaT, (Ethnicity,
Caucasian; Age, 62 years; gender, Male and tissue, skin) were supplied by CLS Cell
Lines Service, Germany. Dulbecco’s modified eagle medium, contains 4.5 g/L D-
glucose, L-glutamine, and 110 mg/L sodium pyruvate (DMEM; Invitrogen)
supplemented with 2 mM L-glutamine, 10% foetal bovine serum (FBS) and penicillin-
streptomycin (100 U/ml-0.1 mg/ml) was used as a culture medium (Biotech Inc.

USA). Cells were incubated at 37<C for 24 hours wit h 5% CO, in humidified air.
Evaluation of cytotoxicity (in-vitro)

Extract preparation. The substrates obtained above were extracted according
to ISO 10993-12 in the ratio of 0.1 g of the films per 1.0 ml of culture medium in
chemically inert closed containers by using aseptic techniques. Each extract was

incubated in DMEM medium at 37 + 1°C with stirring for 24 hours (32).

Cell Viability of HaCaT. All cells in the exponential growth phase were seeded
in a concentration of 1 x 10° cells/mL onto the substrate extracts (2.0, 1.0, 0.5, 0.2,
0.1 and 0.02%). Cell viability as indicator of cytotoxicity was determined after 4 days

of culture by MTT assay. Absorbances were recorded by using a Sunrise microplate

-83-



ELISA reader at 570 nm (Tecan group, Switzerland), and all determinations were

performed in quadruplicate (33-35).

Cell proliferation test

HaCaT cell proliferation on thin films with the following specifications:
collagen-benzalkonium chloride, collagen-bronopol, collagen-chitosan, collagen-
chlorhexidine and collagen-irgasan 2.0, 1.0 and 0.5% was determined after 4 days
of culture by MTT assay. A volume of 10 yL of 12 mM MTT was taken for cell
incubation performed at 37 for 4 hours in the darkness. Thereafter, the media
were decanted and washed with phosphate-buffered saline solution (PBS). The
produced formazan salts were dissolved with dimethylsulphoxide (DMSQO) and its

concentration was measured in a spectrophotometer at 570 nm (36).

Statistical analysis

All data were presented as the mean value £ standard deviation (SD) of each
sample. Statistical comparisons were performed using Student’'s t-test with a
confidence level of 95% (p <0.05) considered statistically significance and 99% (p<

0.01) considered very significant.

RESULTS

The extent of cytotoxicity from every single concentration of antibacterial
agent was quantified as a percentage of cell viability including the absorbance
values obtained to each system (Fig. 3). Pursuant to ISO 10993-5, percentages of
cell viability above 80% are considered as non-cytotoxicity; within 80-60% weak; 60-
40% moderate and below 40% strong cytotoxicity respectively (37). It may be seen

in the histograms that these percentages were high and consequently, these
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substances were innoxious no matter the concentration that was used. The viability
range was within 74-99% and only two samples of benzalkonium chloride 2.0 and
1.0% presented a weak cytotoxicity. The lowest value was found on collagen-
benzalkonium chloride 2.0%, whilst the highest one was for the matrix with bronopol
0.02%. Fig. 3.A, B, C depict yields over 80%. For instance, the highest concentration
(Fig. 3.A) had a set of values within 74-89%; it may be observed that the substrates
endowed with agents at this concentration exhibited the smallest viability rates and
the maximum value did not even reach 90%. All the experiments performed with
1.0% of biocide overcame 80% of viability except the sample with benzalkonium
chloride (Fig. 3.B 78-93). Fig. 3.C that corresponds to 0.5%, the percentages were
between 80 and 94% and the specimens with bronopol, chitosan and chlorhexidine
had viabilities over 90%. On the other hand, the lower concentrations (Fig. 3.D, E, F)
describe yields above 90% with two exceptions, benzalkonium chloride 0.2 and
0.1%. (Fig. 3.D 85-95%). The histograms of Fig. 3.E disclose that solely the matrix
with collagen-benzalkonium chloride 0.1% did not attain 90% and the viability range
for this concentration was within 89-96%. As for the samples with the minimum
concentration, which is 100 times lower than the most concentrated one, 0.02%,

(Fig. 3.F). These showed the highest percentages 90-99%.

The data demonstrates that these biocides do not drastically inhibit the
viability of HaCaT keratinocytes cell line. It may be noticed the increase of these
values as concentration decreases, which points out the intrinsic connexion between

cell growth and amount of cytotoxic drug (38-41).
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Fig. 3 Effect of various concentrations of target compounds on HaCaT cell viability.
Cell line seeded on atelocollagen matrix with concentration of agent (A) 2.0% w/w
(B) 1.0% w/w (C) 0.5% w/w (D) 0.2% w/w (E) 0.1% w/w (F) 0.02% w/w determined
by MTT assay (the error bars depict standard deviations and dashed lines define
cytotoxicity ranges: non-cytotoxicity >80%; weak >60%; moderate >40%; strong
<40%). *p < 0.05, compared with pristine atelocollagen film.
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Statistically speaking, eight sample were found significant different at a significance

level of 0.05 (chlorhexidine 2.0 and 1.0%; Irgasan 2.0 and 1.0%; Benzalkonium

chloride 2.0, 1.0, 0.5 and 0.2%).

The dependence of cell viability on concentration of agent is an important

aspect of this study. Fig. 4 shows the percentage of viability with respect to this

variable.
100
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Fig. 4 Concentration-viability curve of studied agents on HaCaT keratinocyte cell
line.

It reveals a fall in cell viability by increasing concentration. In general all the
plots have the same pattern. Chitosan is a particular case, because its curve evinces
a plateau followed by a decreasing trend at the highest concentrations (1.0 and

2.0%). The chlorhexidine curve has a local maximum at 0.2%, which is most likely a
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consequence of sampling mistakes or an incorrect dilution. Samples free of biocides

were taken as the ones with 100% viability.

2.0
| 2.0 %
15F +
2 ¥ T 5 sk sk
2 - y -+
]

E 10 5 -
<« i o = g i
' = 5 2 2 E" 2

U [ [ ==] [ ==
2.0
I 1.0 %% J
15} x _
= L .
E 1.0 é 5
= [ .
< osh g 5 3 g .
. 50 N g 2 g
' = 3 2 = En 2
U [ [ ==] [ ==
2.0
! 0.5 %
L I ol -
E 1.5 - = I _|_ Elti -
: 1o r
t lof : -
0.5F g 5 E g -
i 5" ._E 5‘ =] 5 é
= 3 g 3 E“ 2
U [ [ ==] [ ==

Fig. 5 Comparison of HaCaT cell growth upon atelocollagen films with and without
bactericides determined by measuring absorbance of Formazan product by MTT
assay at 570 nm (the error bars signify standard deviation). *p < 0.05 and **p < 0.01,
compared with free of biocide film.

HaCaT cell proliferation on the substrates with and without biocides is given
in Fig. 5. It was found out that cell attachment marginally diminished, as reflected by

the spectrophotometric data of each test, where all the absorbances corresponding
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to the added-agent samples were smaller than the pristine ones. It may be noticed
that just the substrates endowed with chitosan and bronopol did not show a
statistical significance. On the other hand, all the samples with chlorhexidine,
irgasan and benzalkonium chloride have statistical significance and in three cases
were considered as very significant ones, irgasan 2.0%; benzalkonium chloride 2.0

and 1.0% respectively.
DISCUSSION

As may be noted across this study, chitosan, bronopol and chlorhexidine have lower
inhibition in comparison with irgasan and benzalkonium chloride which are the
strongest ones in all the cases. As well as it is important to emphasise the
importance of pH and solubility on the yield of each agent, since some of these
bactericides do not posses the same effectiveness and stability in acid solution. E.g.,
chitosan, bronopol and benzalkonium chloride are readily soluble and stable in water
and acid solution. In contrast to irgasan, which is slightly soluble in this medium and
chlorhexidine is sparingly soluble and unstable in acid pH (42-46). As described in
material section, the mixtures were prepared by using a stirring machine for 4 hours
at 1,000 rpm. When the biocide is soluble in the employed solvent, a good
dispersion (with cohesive character) and distribution of the agent into the mixture is
obtained. Contrariwise whether the substance is moderately soluble, the mixture is
not uniform having loss of agent during processing, and thus the final concentration
is different and lower than the one that was intended (47). It means that irgasan,
which has low solubility under the experimental conditions is even able to suppress
HaCaT cell growth. Whilst, despite bronopol and chitosan, which are soluble do not

represent a serious risk to the viability of this cell line.
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It is worth mentioning that for the studied samples preparation, the solvent
(acetic acid 0.1 M) had to be completely evaporated, since HaCaT as well as most
cells require pHs around 7.0 and the permanent control of pH is essential for optimal
culture conditions (48, 49).

Concerning the chosen method to estimate the extent of cytotoxicity, MTT is a
rather cost-efficient colorimetric technique, where the measurement strictly depends
upon live cells, since the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide is reduced to formazan product exclusively by
mitochondrial succinate dehydrogenase enzyme in the mitochondria of viable cells.
Hence, this assay ensures a good approximation in the study of cell viability and
proliferation in cell culture, where dead cells do not participate as interfering species.
There are other factors that may induce the reduction of MTT, such as times of
incubation, age of culture, media poor in glucose and reagents stability (50).

Cell proliferation under chitosan medium was higher than under the other
media followed by bronopol, chlorhexidine, irgasan and benzalkonium chloride
respectively. This information coincides with the cytotoxicity assay results, where the
studied biocides performed in similar way in both experiments (Chitosan, bronopol
and chlorhexidine have lower inhibition ability than irgasan and benzalkonium

chloride).

Although the mechanisms of HaCaT cell adhesion and proliferation on
different substrates are still unclear, it is well-establish that HaCaT keratinocyte cells
proliferate better on rough, porous and hydrophilic scaffolds. The cases of
atelocollagen-chlorhexidine and irgasan substrates are a proof of that, since these

agents are toxic per se to this cell line and also because of their low solubility in the
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medium. These substances may alter hydrophilicity, diminishing cell adhesion and

proliferation (51, 52).

In culture, keratinocyte cells behave in a similar way they do in vivo, where
cells migrate towards the air interface to form the epithelial surface. Epidermal
substitutes require minimum two weeks to expand keratinocytes population. For
these reasons, it is necessary to pay heed to the stability of keratinocytes
attachment (53). In that respect, the overall outcome indicates that after four days in
culture these substrates hold low marginal toxicity, as well as suitability for cell

proliferation.

Surface adherence is a natural tendency which is inherent to bacteria and
other microorganisms. It has four basic steps: adhesion, colonisation, formation and
the subsequent bacterial biofilm growth, which is independent of the substrate.
Biofilms act as defence mechanism against external agents; in consequence, the
aim of any antimicrobial materials is at preventing bacterial adhesion and
colonisation, which are prerequisites to biofilm formation (54). It is known by
literature that benzalkonium chloride, bronopol and chitosan hinder the adhesion of
gram-positive strain, but do not behave satisfactorily against gram-negative bacteria
(55, 56); chlorhexidine and irgasan are efficacious against both strains (57, 58).
According to biothermodynamic studies, bacteria may attach to both hydrophobic
and hydrophilic surfaces; notwithstanding, hydrophobic surfaces are colonised faster
than hydrophilic ones (59, 60). This feature rises in importance, since the studied
substrates are highly hydrophilic, which is favourable to HaCaT cell adhesion but not

to bacterial colonisation.

The described phenomenon is largely surface specific and affects material

functionality leading to loss of physical and mechanical properties (61, 62).
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Consequently, these atelocollagen substrates enhanced by the addition of one or
more of these agents may render effectiveness against bacterial stains and biofilm
formation, being a promising view in the design of novel antimicrobial biomaterials

potentially suitable for tissue engineering applications.

CONCLUSIONS

This contribution delved into the incorporation of bactericides to atelocollagen
matrices. The mixtures of atelocollagen with benzalkonium chloride, bronopol and
chitosan are uniform and stable. Cell viability of HaCaT is barely altered by the
presence of these substances (74-99%). Only in eight from thirty samples the cell
viability was statistically lower than that found on the substrates without biocides. It
means that any of these substrates provides an appropriate environment for this cell
line. Thus, the studied samples are perfectly apt for keratinocyte cell growth.
Cytotoxicity is concomitant to concentration and depends upon each agent.
Bronopol and chitosan arise as the less hazardous to this cell line having
percentages of viability beyond 85% with a negligible cytotoxicity at lower
concentrations; whereas irgasan and benzalkonium chloride manifest more power of
inhibition with the highest rates of cytotoxicity throughout the study. This inhibition
pattern might be observed in both cytotoxicity and proliferation experiments and

confirmed by statistic.
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