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Podékovani:

V poslednich fiblizné patnacti letech jsem ¢hto S€sti pracovat s mnoha lidmi, od kterych
jsem se mnohémuiipcil a bez nichz by Zadny vysledek prezentovany @ f@taci nebyl
mozny. V prvnitacdt bych rad zminil doc. V. Hrachovou, pod jejimZétippym vedenim jsem
se Wil prvnim wdeckym kiackam. Mé velké podkovani snéiuje i k Dr. F. Rossimu, ktery
mne grivedl ktématu sterilizace povréhpomoci nerovnovazného plazmatu, a prof.
H. Biedermanovi, ktery mne zagit do problematiky plazmovych polymiera umoznil mi
praci na KMF MFF UK. Rad bych pékioval i vSem kole@m, se kterymi jsem th mozZnost

spolupracovat.
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1. Uvod

Slovo ,plazma“ ve fyzice oziaje ionizovany kvazi-neutralni plyn vykazujici
kolektivni chovani. Diky fitomnosti nabitychtastic ma plazma vysokou elektrickou
vodivost a reaguje na ¥j8i elektromagnetické pole, coZ je chovani velnmisoe od
chovani normalniho plynu. Z tohotdvbdu byva plazmg&asto oznéovano jakoctvrté
skupenstvi hmoty. Aplika¢ je velmi zajimavé fedevSim takzvané nerovnovazneé
plazma, tj. plazma, ve kterém maji lehké elektrogisazre vyssi teplotu (energii) nez
daleko ¥ZSi ionty a neutralngastice, jejichz teplota byva blizka pokojové teflot
Plazma je obvykle generovano pomoci elektrickélimgau v plynu za snizeného tlaku
(1 — 100 Pa) vedouciho k stejnasmému doutnavému nebo vysokofrekseimu
vyboji buzeného nagpim o frekvenci 13.56 MHz. &Sinou se pouziva plasma s nizkym
stuprém ionizace - pro fgdstavu na 1 elektron (nebo 1 kladny ioritpada 1 000 000
neutralnich atorin piesto jeho &inky jsou zn&né pra¥ kvili zminéné vysoké energii
elektroni (1 — 10 eV). Je ptgba zminit, Ze se pouZzivaji i vyboje za atmosfétick
tlaku. Tyto vSak nejsourpdmétem této prace.

Nerovnovazné plazma nachézi v&mné dob vyuZiti v celéradk aplikaci, pi
kterych dochazi k Upr&v povrchi nejiizrgjSich materidl. To je dano tim, Ze
technologie zaloZzené na plazmatu umgZ nanaSet tenké fugki vrstvy, nenit
morfologii a povrchové chemické slozeni riejjSich objekti, pogipact i odstranit
z povrchi neZzadouci n#@stoty a to za relativh nizkych teplot fi zachovani
objemovych vlastnosti opracovavanych objekfyto klicové vyhody stoji i v pozadi
velmi rychlého rozvoje biolékakych aplikaci nerovnovazného plazmatu, tj. ohlasti
které se ¥nuje gedkladana prace. Jakdildady sodasného vyuziti plazmatu je mozneé
uvest sterilizaci povrahnastrofi a ponmicek vyuzivanych v Iékaké praxi, modifikaci
povrchi pro zvySeni jejich biokompatibility, vyrobu biosemi a ¢idel, ¢i pripravu
antibakterialnich povlaka materidl protizené podavani ¢év.

Vtéto praci budou komentovany vybrané vysledky meace tykajici se
biolékarskych aplikaci plazmatu, jichz jsem dosakhém misobeni ve Spotmém
vyzkumném centru Evropské komise v italské réspa zejména na Katisl
makromolekularni fyziky Matematicko-fyzikélni fakul Univerzity Karlovy v Praze.
Konkrétre v kapitole 2 bude diskutovana sterilizace pourchizkoteplotnim
plazmatem, v kapitole 3 budou komentovany vysletksajici se nanaseni tenkych

vrstev plazmovych polyméra jejich nanoastic a v kapitole 4 budouigrstaveny
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vysledky gipravy nanoklastr a nandastic a jejich mozného vyuZziti pro biolékké
aplikace. Z povahythto témat je i&jmé, Ze se jedna o mezni oblasti vyzkumu, kde se
sowasreé vyuzivaji poznatky moderni fyziky, chemie a biaegVzhledem k tomuto
multidisciplinarnimu charakteru je vhodné podotkin@e nij ptinos a ¥decky zajem

se tykal zejména popisu fyzikdlnich protesterakce plazmatu s biologickymi
systémy, nanaSeni tenkych vrstev plazmovych pol§npeoceam vedoucim ke vzniku
nana@astic a nasledné charakterizatippavenych materiél



2. Sterilizace povrchi pomoci nizkoteplotniho plazmatu

Inaktivace, pofipact i Uplné odstragni niznych biologickych patogén z
povrchi nastrofi, pristroja a pomiicek pouzivanych v Iékské praxi pedstavuje
nezbytny krok pro zatieni bezpénosti pacient. Z tohoto divodu byly vyvinuty
nejrizrejSi  steriliz&ni metody, které jsou zaloZzené na pouZiti chemickyatek
(peroxid vodiku, etylenoxid atd.), energetickéniierd, ¢i na aplikaci zvySené teploty.
Nicmére vSechny tyto metody maji sva omezeni, ktera sajitykagiklad vysoké
toxicity pouzivanych latek a s tim souvisejicimgpe&nostnimi a environmentalnimi
riziky, mozného ovliviini objemovych vlastnosti sterilizovanych objelkdnebo vysoké
teploty, kterd neumdaiije sterilizovat ¥tSinu plastovych materiél Mimoto se
v posledni dob ukazuje, Ze vySe zifwvané sterilizéni techniky jsou v fipac
nékterych biologickych patogénvelmi mélo &inné a v gkterych gipadech dokonce
nelinné. To plati zejména o sterilizaci bakterialnatdotoxini, které jsou schopny
vyvolat zvySenou teplotu, a infekich priori, které mohou zd&ginit zavazna a
smrtelna neurodegenerativni onemaun(nag. Creutzfeldt-Jakobovu nemoc). Tyto
obavy byly potvrzeny sérii studii provad/ch v minulém desetileti zejména ve Velké
Britanii, kdy se ukéazalo, Ze té#éa vSechny |ékaké nastroje, které prosly klasickou
sterilizaci, vykazovaly zbytkovou kontaminaci bWkeami a nespecifikovanou
organickou hmotou, ktera lok&nlosahovala hodnot aZ 4 pg/fag. [1,2]). Proto je
ziejmé, Ze vyvoj nové technologie, ktera by z#deau Uplné odstragni vSech
organickych latek z povréh je prvdadym 0kolem pro eliminaci moznych rizik
spojenych siitomnosti &chto latek na povrSich objektkteré mohou fijit piimo
(napiklad @i chirurgickém zakroku) i neépmo (napiklad pi podavani 1ék
z kontaminovanych ampulek) do kontaktu s pacienténohoto pohledu je aplikace
nerovnovazného plazmatu jednou ze slibnych teclgiiol&teré se v posledni déb
dostava zvySené pozornosti.

Moznost pouziti nerovnovazného plazmatu a shrnildivriich dosazenych
vysledki experimeni, na kterych jsem zal pracovat Bhem pisobeni ve Spot&aém
vyzkumném centru Evropské komise italsk&dsm@ které jsem nasletinozpracovaval
na KMF MFF UK, bude podroli diskutovana v nasledujicich kapitolach. V kafst
2.1 budou nejprve shrnuty vysledky dosazeféterilizaci bakterialnich spor. Kapitola
2.2 bude ¥novana odstiegovani organickych materialz povrchu. V kapitole 2.3 bude

predstavena moznost optimalizace steridho procesu zaloZena na vyuZziti ternarni
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vybojové sndsi. V kapitole 2.4 bude prezentovana moznost imak8 bakterialnich
endotoxirii. Shrnuti vysledk a nastitni dalSich perspektiv mozného pouziti plazmatu

pro sterilizaci v Iékéské praxi bude provedeno v kapitole 2.5.

2.1. Sterilizace bakterialnich spor

Prvni zminky o pouziti plazmatu pro sterilizaci telalnich spor se datuji do
konce Sedesatych let minulého stoleti, kdy se dbjpwni patent vyuZivajici
koronového vyboje pro sterilizaci vhiich povrcli sklerenych ampuli [3]. S pomoci
takovéhoto zézeni bylo mozno sterilizovat 30bakterii véase krat§im ne? jedna
sekunda. Nicméhv té dok se nglo za to, Ze hlavnim biocidalnim faktorem byl velmi
intenzivni oliev bakterii v case tak kratkém, Ze nedoSlo Kevu ampuli. A&koliv
vyzkum mozného pouziti plazmatu dale pékrzl a byly vyvinuty 6zné plazmové
systémy pracujici za snizeného tlakuazmych plynech (z p@tku byly pouzivany
inertni plyny, postuphzataly byt pouzivany halogeny, vodik, kyslik a dus8ute&ny
rozvoj nastal fiblizné na gelomu tisicileti. Obnoveny z4jem o plazmovou sidi
byl vyvolan rékolika publikacemi, které vysly v kratké dblza sebou [4-9]. Tyto
piehledové ¢lanky jednak shrnuly do té doby dosazené vysledkgnak jasa
prokazaly d@innost a vyhody pouZiti nizkoteplotniho plazmatjmgmna pro sterilizaci
bakterii a bakterialnich spor. Od publikace vysergmych ¢lanka byla provedena cela
fada studii, které se zabyvaly jak identifikaci hi@h proces vedoucich k odstrani
¢i inaktivaci bakterialnich spor, tak i optimalizatérilizaniho procesu (n&p[10-20]).
Na tomto mist je nutné podotknout, Zeckoliv velmi zajimavych vysledk bylo
dosazeno i  pouziti vybofi generovanych za atmosférického tlaku {ndpl1-27]),
bude vzhledem k zatfeni této prace pozornost v nasledujicim tex&novana
vyhradré vysledkim dosazenymippouZiti nizkotlakych vybd.

Na zéklad srovnani sterilizéni (innosti nizkotlakych vybdj generovanych za
raiznych podminek (sloZeni pracovniho plynu, tlakuda@ného vykonu atd.) s
vlastnostmi generovaného plazmatu (intenzita eranéwo z#eni, slozeni plazmatu,
energiecastic atd.) bylo postulovano, Ze hlavnim sterdidgen ¢initelem g sterilizaci
vybojovym plazmatem je UV #éni emitované plazmatem (rfafl4,16]). UV zé&eni je
schopno proniknout &ou bakterii a bakterialnich spor atgpbit nevratné a letalni
zmeény jejich DNA [28]. Z tohoto dvodu byla hlavni pozornostémovana zejména

maximalizaci intenzity UV z&ni, ¢ehoZ bylo dosaZzeno pouzitim vybojovych ésim
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obsahujicich kyslik a dusik, které produkuji exatoé NO molekuly emitujici 2éni
v poZzadovaném spektralnim rozsahu (zejména se editd-gama systém).
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Obrazek 1. Schematické znazasni steriliza&niho procesu

VySe uvedeny vysledek, tedy Ze hlavni rdii $terilizaci hraje UV zgeni, byl
v8ak dosazen ip pouziti vzorki, kde jednotlivé spory byly na povrchu vicersén
izolované, a negkryvaly se. Nicméh blizSi pohled na kinetiku poklesu
Zivotaschopnych bakterialnich spor ukazal snadn@itedné sterilizéni faze (nap
[9]), jak je schematicky znazamo na obrazku 1. F¥itomnost &chto fazi byla

interpretovana nasledujicimigonbem:

e Prvni faze, kdy dochazi k nejrychlejSimu poklesuotaschopnych
bakterialnich spor, odpovida sterilizaci spofinp dosazitelnych UV
z&enim emitovanym plazmatem.

* Druha, obvykle vyraz¥)i pomalejsi faze, souvisi s moZznym stifim
nekterych spor jinou sporou, ptipadt dalSi organickou régstotou. Aby UV
z&eni mohlo proniknout i k takovymto sporam, je nutm&prve stinici
materidl odstranit. Rychlost sterilizace v tétoifgg pak dana rychlosti
odstraiovani stiniciho materialui€dpokladalo se, Ze k odstean stiniciho
materialu dochazi kil fotodesorpci, anebo chemickym leptanim pomoci

chemicky aktivnich latek produkovanych plazmatem.



» Tieti faze, pozorovana \kterych gipadech, nastava v okamziku, kdy i
posledni spory jsou vystavenyuagobeni UV z#eni, coz se projevi

YA

opétovnym nafistem sterilizani (€innosti.

Z vySe uvedeného schématu jejmeé, Ze v realné situaci, kdy bakterialni spory
se vzajema prekryvaji a jsou na povrchuipomny ve fornd multivrstev, je limitujicim
faktorem ukujicim potebny ¢as pro Uplnou sterilizaci rychlost eroze stiniciho

materialu.

Obrazek 2. Priklad bakterialnich spor t¥iwich multivrstevnatou strukturu.
Prevzato z DK1].

Pro potvrzeni tohoto ipdpokladu jsme proto provedli experimenty [29% p
kterych byly pouZzity vzorky obsahujici bakteriabgporyG. Stearothermophilysteré
tvorily multivrstevnatou strukturu (vizobrazek 2. Tyto vzorky byly vystaveny
induktivné vazanému nizkotlakému plazmatu generovanému wsisimkyslik-dusik.
Srovnanim nagtfené intenzity UV zg&ni, koncentrace atomarniho kysliku ve vyboji
uréené pomoci optické emisni aktinometrie a stedh#iao (Einku plazmatu bylo
zjiSttno, Ze pro pouzité bakteridlni vzorky $@s potebny k jejich UpIné sterilizaci
zavisly ne na intenzit UV z&eni, ale na koncentraci atomarniho kysliku
produkovaného plazmatem. Nasledné porovnani zatisloncentrace atomarniho
kysliku na slozeni vybojové sisi se stupém eroze bakterialnich spor, jez byken
z mikrografi vzorki nasnimanych skenovacim elektronovym mikroskopestyrgilo,

Ze efektivita sterilizéniho procesu je vtomto fipact skut&né svazana s erozi
bakterialnich spor. Tento vysledek byl dale rozpvan a srovnan s teoretickym

modelem, ve kterém bylyiedpokladany d¥ rizné populace spor - spory dosazitelné
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UV z&enim a spory stémé jinymi sporami, a dva séasré pusobici procesy —
inaktivace spor UV zZ&nim a odleptavani stiniciho materialu. Jak je emed
v souhrnné praci QK1] navrzeny teoreticky model pammé vérné odpovida
experimentals zjisSttnym zavislostem. Tento vysledek je velmilefity zejména
s ohledem na optimalizaci sterilizdho procesu, kdy je nutné optimalizovat nejen
intenzitu emitovaného UV #éni, ale i rychlost odstiiavani biologického materialu
stiniciho spory. Na tomto mésje vhodné podotknout, Zergqupoklad o chemickém
odleptavani stiniciho materialu, jak bude pod&ldiskutovano v nasledujici kapitole,
byl posléze pro ipad aktivniho plazmatu modifikovan a jako hlavndéges vedouci
k odstragni stiniciho materialu byl identifikovan proces wctiekého odprasovani [30].
Nicmére zawry modelu, tj. zavislost celkovéeh@msu nutného ke kompletni sterilizaci

na rychlosti odstigovani stiniciho materialu, jsou stale platné.

2.2. Odstraiovani organického materialu z povrcli pomoci nizkoteplotniho

plazmatu

Jak bylo zmiano v predchézejici kapitole, ¢innost sterilizace je dana
v realnych podminkdch nejen intenzitou UVierd emitovaného plazmatem, ale
zejmeéna rychlosti odstitavani organického materialu, kteryige stinit gkteré spory.
Z tohoto divodu bylo nutné, f®devSim sohledem na moZznou optimalizaci
sterilizatniho procesu, @it hlavni mechanismus vedouci k odstiain organického
materialu plazmatem. Mimoto, znalost mechanismwuetho k eliminaci organického
materialu z povrchu je zasadni i sohledem na atstédni dalSich moZznych
patogennich biomolekul, jako jsou intek proteiny, ¢i bakterialni endotoxiny. Na
rozdil od bakterialnich spor, jimz byl&novana por&rné velkd pozornost v literata,
oblast interakce plazmatu s biomolekulami byla pouklou dobu v pozadi z&mu.
Hlavnim limitujicim faktorem byla, a stéle je, visonebezp&ost infeknim prioni a
bakterialnich endotoxin a s ni souvisejici bez@reostni opatni, kterd neumaidiji
provadt experimenty v &nych laboratornich podminkach. Z tohotévadu byly
nejprve provaghy experimenty s vybranymi neinf@kmi bilkovinami, konkrété
s bovin serum albuminem (BSA), lysozinem a ubigeith [OK2]. Tyto ti proteiny
byly vystaveny nizkotlakému induktigrvazanému plazmatu generovanémgistéem
argonu a jeho s#sim s kyslikem, dusikem a vodikem. Procemi rychlosti

odstraovani bilkovin z povrchu byla pouzita metoda zal@ea profilometrii. V této
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metodt byly bilkoviny deponovany na substraty z vodnébataku pomoci injeéni
stiikacky ve forme malych kapek. Po zaschnuti vyitely bilkoviny na povrchu velmi
dole reprodukovatelnou strukturu s vysokym okrajentiadsvou oblasti, kde byla
tlou&ka vrstvy vyraza nizsf. Uginnost plazmatu byla pak dovana pomoci gteni
vySky okraje deponované vrstvyenl a po aplikaci plazmatu jak je znazsra na
obrazku 3. Na zaklad téchto experimerit bylo zjiS€no, Ze rychlost odsti@vani
pouzitych bilkovin z povrchu je velmi zavisla naugdé vybojové srsi. Z tohoto
pohledu se ukazala byt neéjanéjSi snes argonu s kyslikem, jejiz pouziti vedlo
k priblizn¢ ¢tytikrat rychlejSimu odstrami vSech i bilkovin z povrchu nezZip pouZiti

jinych vybojovych snisi [OK2].

164 Untreated
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Obrazek 3.Fotografie BSA deponovaného nzeiik (horni obrazek) afxlad
meieni poklesu vysky depozitdipvystaveni vzorku vyboiji ve sési Ar:0, 20:1 (i
tlaku 10 Pa aiflkonu 200 W (dolni obrazek)

Na zaklad téchto vysledk bylo predpokladano, Ze hlavni mechanismus
vedouci k postupné eliminaci bilkovin z povrchu ¢ghemické leptani bilkovin
zpisobené atomarnim kyslikem. NicngépodrobrjSi studium ukazalo, Ze rychlost

odstrarni bilkovin z povrchu nekoresponduje s koncenti@oimarniho kysliku ve

! Diky podobnosti se stopou, ktera vznikne na péa&ab rozliti kavy, byl vznikly tvar nazvan ,coffee
ring effect”



vyboji: zatimco s rostoucim zastoupenim kysliku wojové sn&si argon-kyslik,
koncentrace atomarniho Kkysliku ve vyboji monotbnmoste, bilkoviny byly
odstraiovany nejrychleji ve sisi Ar:0, 95:5 [OK3]. Tento vysledek, tj. nejefekti¢si
eliminace bilkovin z povrchu ve s$i Ar:O, s malym mnozstvim kysliku, nebylo
mozné vysitlit ani paisobenim UV zgeni (fotodesorpce), ani odpraSovanim bilkovin
energetickymi ionty (energie iohtméend pomoci hmotnostni spektrometrie byla
priblizné 10 eV, coz neni dostadt@e pro odprasSovani organickych matenal

Pro vys¥tleni mechanismu odstravani organického materialu z povich
puasobenim nizkotlakého plazmatu proto byly provedergerimenty s kalibrovanymi
zdroji argonovych iorit a zdroji atoméarniho kyslikuJK4], tj. postup, ktery byl pouzit
I na studium interakce plazmatu s bakterialnimirapo a uhlovodikovymi vrstvami
[30-32]. Na zaklad experimeni provedenych v usgadani schematicky znazémém
na obrdzku 4 bylo zjis€no, Ze atomarni kyslik sdm o gobemd vyrazgsi vliv na
tlou&’ku deponované vrstvy bilkovin:fipvystaveni vzori toku atomarniho kysliku
2.4 x 18°.cnt.s* doslo po jedné hodink poklesu tlougky bilkovinné vrstvy pouze o
5nm. Vyrazg rychlejSi pokles tlouky deponovanych bilkovin byl pozorovarip
pouziti svazku argonovych iant(kolem 80 nm za jednu hodinu). Nicnéém tomto
piipack byla energie dopadajicich iGgnAr® 100 eV, coz je dad vice, nez vifpad
induktivné vazaného vyboje. NejrychlejSi odstéan bilkovin bylo pozorovano ip
kombinaci svazk atomarniho kysliku i argonovych idn{pites 700 nm za hodinu).
Takto vyrazg vy3si &innost byla vysetlena synergickym {sobenim AF ionti a O
atom (popipact i O, molekul), tzv. chemickym odprasSovanimii Bomto procesu
argonove ionty nejprve diky své energii vyivdefekty v povrchové vrstvbilkovin
(vytvéreji otewené vazby), které jsou naslé€datakovany velmi reaktivnim kyslikem.
V reakcich s kyslikem dochazi k tvérisolatiinich molekul (CQ, H,O atd.) které jsou
uvoliovany z povrchu, coZz ma za nasledek postupny pdldestky deponovanych
bilkovinnych vrstev. Na tomto méste vhodné podotknout, Ze energie ipbha pro
rozbiti vazeb v organickém materialu a vyoi aktivnich mist, které mohou reagovat
s dopadajicim kyslikem, jegadow nekolik elektronvolfi, tj. snadno dosazitelna ve

vybojovém plazmatu.
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Obrazek 4. Schematické uspadani experimentu vyuZzivajiciho kalibrované

zdroje atomarniho kysliku a argonovych lorfevzato z DK4].

Experimentalni oteni dominance chemického odpraSovani v aktivnim
plazmatu bylo provedendadiipnaslednych cilenych experimentech, kdy byly tediy
postupi induktivné vazané nizkotlaké vyboje generované vessmr.O, majici bul’
stejnou koncentraci iofita fizné koncentrace atomarniho kysliku, anebo vyboje se
stejnou koncentraci O atdna miznymi koncentracemi iofitfOK5]. Tyto experimenty
prokazaly, Ze rychlost odstravani bilkovinnych depoZit skut&n¢ zavisi jak na
mnozstvi kysliku produkovaného v plazmatu, tak ikeacentraci iont. Nicmér¢ je
vhodné zdraznit, Ze tyto zawy plati pouze pro zénu aktivniho plazmatu, kde je
dostaténé vysokad koncentrace iont Jak bylo prokdzanodK5], v dohasinajicim
plazmatu, pro které je charakteristickadkalik radi nizSi koncentrace ioft chemicke
odpraSovani ztraci na vyznamu a hlavnim proceselmuam k odstraimi organickych
latek z povrchu se stava chemické leptani spojepiéannosti chemicky aktivnich
¢astic (zejména OH radikabh atomarnim kyslikem a vodikem).

Dulezitou vlastnosti chemického odprasSovani je net@si &innosti tohoto
procesu na konkrétnim sloZzeni opracovavané organitky. To je dano tim, Ze na
rozdil od chemického leptani je primarnim procesedioucim k tvord aktivnich mist
na povrchu vzorku rozbiti chemické vazby energgtitkontem. To je dlezité zejména
s ohledem na moznost efektévndstraovat za stejnych vybojovych podminekné
organickeé néistoty z povrcli, véetnd bakterialnich spor, homopolynmieaminokyselin i
bakterialnich endotoxin Experimentalni odeni bylo provedeno v nasledujicich
experimentech (ndjklad [OK5,0K6]). Tento vysledek je velmi slibny zejména s
ohledem na moZzné odsivani infekKnich prioni, které jsou velmi odolné i

klasickym sterilizanim procegm.
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VySe zmigna vyhoda, tj. obdobna hodnotéinnosti chemického odpraSovani
pro polymerni latky, které se liSi svou chemicktulgurou, viak mize byt v kkterych
piipadech i zasadni nevyhodou, protoZe spolu s arkgamin€istotou je s podobnou
acinnosti chemicky odprasovan i povrch jakéhokoli@gpbveho material

Na zaer této kapitoly bude pozornostémovana i moZznosti monitorovani
acinnosti odstraovani biomolekul z povrah pii aplikaci nizkoteplotniho plazmatu.
Tato problematika je velmidezitd zejména s ohledem na skui& vyuziti plazmoveé
sterilizace, kdy je potba se sterilizami metodou ,dodat* i indikator usgpne
ukorteného procesu. Na rozdil od aplikace zvysSené tgpk#eni ¢i sterilizatnich
metod zaloZenych na pouziti chemickych latek, kelyas@ dano sterilizani ¢inidlo
(dosazena teplota, davkareai ¢i mnozstvi chemické latky), ipadt plazmatu, kdy
efektivita procesu je dana kombinaci koncentractky aktivni latky a energie a
koncentrace iofit Zadny takovyto jednoztiay indikator neexistuje. Toipdstavuje
jednu z podstatnychiekazek, které doposud brani zavedeni plazmovyclodngto
pouziti v Iékdiské praxi. Jednou moZznosti éeni Usgsrne probihlého procesu je
analyza vzori obsahujicich znamé mnoZzstvi modelové biologickkylakteré jsou
sterilizovany spolu s Iékskymi néstroji. Analyza takovychto vzdrkprobih& ¥tSinou
po ukorgeni steriliz&niho procesu a fize byt¢aso¥ nara@nd. Alternativou by mohlo
byt monitorovani sterilizaniho procesun-situ, které by umoznilo mimo jiné i¢asnou
indikaci moznych problétbeéhem sterilizace. Z tohotoidodu byla navrzena metoda
zalozend na metéd mikrovah vyuZivajicich ilemenné krystaly (quartz crystal
microbalance). ® této metod je na Kemenny krystal nanesena nejprve vrstva
biologickeé latky (v naSemifpact bilkoviny). Po zapaleni plazmatu je pak sledovan
narist frekvence krystalu, ktery odpovida postupnémstratbvani bilkoviny z jeho
povrchu. Tento proces byl Uge testovan fi odstraiovani bovin serum albuminu
v pulznim induktivi vazaném vybojiQK7].

MoZnost monitorovani procesu odsiaani bilkovinin-situ béchem pisobeni
plazmatu pinesla i dalSi zajimaveé vysledky tykajici se kikgttohoto procesu. Bylo
zjisténo, Ze rychlost odstii@avani bilkovin pi pasobeni plazmatu postuprklesa s
¢asem. Jednim z moznych vyHeni tohoto efektu je ftomnost nevolatilnich
anorganickych latek v bilkovinnych vzorcichjgemz zdrojemdchto latek mohou byt
jednak neistoty @i pripraw vzorki, jednak anorganickéastice pitomné ve vlastni
strukture bilkovin (napiklad sira). Na rozdil od organickych latek je ei@ka

chemického odprasovani anorganickych materélmi nizka. To ma za nésledek, Ze s
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rostouciméasem postughnarista koncentracec¢hto latek na povrchu opracovavanych
vzorki, coz vede ke vzniku velmi odolné vrstvy, kteréituje dalSi fisobeni plazmatu.
Tento efekt byl experimentalpotvrzen analyzou chemického slozeni povrchu kitko

vystavenych plazmatK7].

2.3. Optimalizace steriliz&niho procesu

Jak bylo uvedeno vipdchozich kapitolach, pro efektivni sterilizaci
bakteridlnich spor a stasné odstrami biologickych patogeh z povrchi je nutné

souwasre maximalizovati parametry:

* Intenzitu UV zdeni emitovaného plazmatem
» Koncentraci a energii ioitdopadajicich na povrch sterilizovanych objekt

» Koncentraci atomarniho kysliku

Jednou z velmi slibnych moznosti, jak optimalizovatchny tyto parametry je
pouziti ternarni sisi Ar:0,:N,. Jak bylo ukdzano v\OK8] je mozné p vhodné volk
sloZeni této vybojové stai (mala pimeés kysliku a dusiku v argonovém plazmatu)
doséahnout jak intenzity UV ¥@ni vySSi nez vifppadt binarni smisi O,:N,, tak rychlosti
odstraiovani bovin serum albuminu srovnatelné s vybojisuesi Ar:O,, ktera byla
identifikovana jako optimalni pro rychlou eliminamiganického materialu z povrchu.

Tyto vysledky je mozné vysitlit jak zavislosti koncentrace nabityc¢stic na
sloZeni vybojové siisi, tak zndnami v &innosti produkce &kterychéastic v plazmatu
generovaném v ternarni gsin

Jak bylo ukazanoQK8] koncentrace nabityctastic v ternarni vybojové sisi
Ar:02:N; nafiista s rostoucim podilem argonu, obdofako v gipadu smisi Ar:O,. To
je dano zejména vySSimi energetickymi ztratamitebek v interakcich s @a N, ve
srovnani s argonovymi atomy. Jinymi slovy, enedpelavana do vyboje je vipac
molekularnich plyf spotebovavana nejen na jejich ionizaci, ale i na jejict&ni a
vibragni excitaci, pofipad na disociaci. Snizeni podilu molekularnich @lynternarni
smesi snizuje tyto ztraty a vede k vySSimu stupnizace. To ma ¢kolik dialezitych
nasledk.

V prvni fadk rostouci koncentrace ianzvySuje @innost procesu chemickéeho

odprasovani organickych latek. Za druhé, zvySemdykce nabitychéastic vede k

12



zvySené excitaci molekulfppomnych ve vyboji. S ohledem na sterilizace jdedité
zejména zvySeni koncentrace metastabilnich moldkalku N(A), které se podileji
jednak na tvor® NO molekul (nap [33]):

N,(A) + O — NO + NED) (R1)
jednak vedou k vybuzeni NO molekul do stavu NO@#gx.[34]) :
No(A) + NO — NO(A) + N, (R2)

jehoz deexitace je spojena s emisiend v UV oblasti. To mize vysétlit zvySenou
intenzitu UV zd&eni ve srovnani s binarni 8ai Oy:No.

Experimentalni o¥eni vysoké rychlosti odstiavani dalSich typ biologickych
vzorki v ternarni smsi Ar:O,:N, bylo predstaveno v publikaci [35].7Rlad srovnéni
acinnosti fiznych vybojovych sisi pro odstraovani poly-L-histidinu je uveden na
obrazku 5.

Height [nm]
0

Untreated Ar/N
2
10,00
-

& :
-+ 20,00

£\ §

40,00
ArIOZIN2 ArlOz

50,00

60,00

100 um 70,00

Obrazek 5.2D mapa vysky poly-L-histidinuipd a po aplikaciiznych vybojovych
smesi (doba fsobeni plazmatu 5s, tlak 10 P&kpn 200W, proud plynu 22 sccm.
Prevzato z [35].

2.4. Inaktivace bakterialnich endotoxini

Poslednim typem biologickych patogenktery bude str&né zmirgn, jsou
bakterialni endotoxiny. Bakterialni endotoxiny jseysoce pyrogeni latky, tj. latky

schopné vyvolat zvySenou teplotuitBmnost &chto latek v krvi ve vySSim mnoZzstvi
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muze mit dramatické nasledky — poskozeni &énuplné selhani orgdin Tyto latky
jsou navic velmi odolné iei klasickym steriliz&nim technikam, cozZ ipdstavuje
zavazny problém. Jak bylo jiz zndimo v g‘redchozi kapitole, bakterialni endotoxiny je
mozné efektiviy odstranit z povrahn je-li pouzito nizkoteplotni plazma. Nicm&jak
bylo také zmiano v pgedeSlé kapitole, dochazifip intenzivnim chemickém
odpraSovani, tj. za situace dostateho toku iont a atomarniho kysliku na povrch
vzorka, k postupné erozi plastovych mateiial tohoto dvodu se hledaji Set¥si
postupy, které vedou k inaktivaci pato@€lj. ke sniZzeni jejich biologické aktivity) bez
nutnosti jejich Uplného odstrémi z povrchu. Pro tento postup je vyhé@h pouzit
dohasinajici plazma, ve kterém je vyr&zsniZzena koncentrace idntcoz vede
k dramatickému poklesu c¢innosti chemického odprasovaniOK5], pricemz
dominantnim mechanizmem odstoaani organického materialu se stava vyéazn
pomalejSi chemické leptani.

Pro experimenty za#ilené na moznou inaktivaci bakterialnich endotdysme
proto pouzili dohasinajici mikrovinné plazma, jeh@nnost byla prokadzana nejprve
pro pipad lipopolysacharid (LPS) [36], a posléze i pro dalSi typy endotdxin
(lipoteichoickou  kyselinu, zymosan, Lipid A) [37Bylo zjiS€no, Ze innost
depyrogenizace bakteridlnich endotdximezavisi na intenzit UV z&eni ve
spektralnim rozsahu nad 200 nm ani na koncentratiitych castic. Jedinym
parametrem, ktery ved! k vyraznému zvySeni rychldspyrogenizace bylaiffpomnost
vodiku ve vybojové sisi [OK9]. Bylo prokdzano, Ze ve sisich obsahujicich vodik je
mozné dosahnout poklesu pyrogenicity bakterialmictiotoxim o jedeniad v ¢asech
kratSich nez jedna minuta.

Nasledné experimenty prov&t v binarnich vybojovych sfmich s vodikem
ukazaly, Ze pokles pyrogenni aktivity biologickytighi ¢asti LPS, takzvanému Lipidu
A, je zpisoben jejich chemickou modifikaci, konkrétmedukci postranich ,&,0,
fettzal a znménam véasti Lipidu A obsahujici fosfor [38]. Tyto zmy mohou byt
vyvolany bu’ chemickou reakci s vodikem, ggpack zmenami, které vyvolava vysoce
energetické VUV zé&ni. Posledh jmenovany efekt byl potvrzen pomoci VUV lamp,
kdy byly po oz#&ovani pozorovany zemy v chemické strukie Lipidu A obdobné
zmenam vyvolanym dohasinajicim vodik obsahujicim plazm DK5].
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2.5. Shrnuti

Z vySe uvedeného stmeho pehledu dosazenych vysladke mozné tinit
nasledujici zawy. V prvni fadé se pod#lo prokazat, Zze nerovnovazné plazma
generované za snizeného tlaku je velmi vhodnynrajést na inaktivaci biologickych
patogen, ¢i jejich odstraéaovani z povrch. Poddilo se nalézt hlavni proces vedouci
k eliminaci organickych latek z povrelv aktivnim plazmatu — chemické odpraSovani.
To umoznilo optimalizovat sterilizai proces, pcemz velmi slibné vysledky byly
dosazeny § pouziti ternarni sisi Ar:0.:N,. Tato vybojova sis v solg kombinuje
prednosti binarnich sési O:N,, které se pouzivaji jako velméiany zdroj UV zdeni
pro sterilizaci bakterii a bakterialnich spor, a¢simAr:O,, ktera byla identifikovana
jako nejvhodgjSi snes pro rychlé odstrami organického materialu. Moznost gaare
inaktivovat bakterialni spory a odsimvat biologickou kontaminaci povréhsnizuje
¢as potebny pro uplnou sterilizaci objektcoz vede ke snizeni nakiad snizuje rizika
posSkozeni sterilizovanych matefial

| pres tyto vysledky je vSak nutné podotknout, Ze stalstuji rekteré gekazky,
které brani vyuZziti plazmatu pro steriliza (¢ely. To se tyka zejména moZzZnosti
sterilizovat pedmety majici komplikované tvary aipdnety zabalené v ochranné folii.
Mimoto se ukazuje, Zecinnost odstraovani material organického fivodu je silré

redukovana fitomnosti anorganickych latek (tzv. matrix efekt).
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3. Depozice plazmovych polymar

Druhou oblasti, kde nerovnovazné plazma hréjezitou roli @i biolékarskych
aplikacich, je gprava biomateridl, tj. nezivotaschopnych material ucenych k
interakci s biologickymi systémy. \fipad, Ze to neni vyzadovano danou aplikaci,
biomateridl nesmi byt toxicky a vyvolavat z&n ci alergické reakce. Déle by
biomaterial ndl sphovat i dalSi naroky, fixdemz pozadavky zavisi na konkrétni
aplikaci. Typickymi piklady poZzadovanych vlastnosti je hiépad pevnost a snadna
osseointegrace kostnich implaitatprihlednost, flexibilita a dobra sri&ost
kontaktnich¢ocek, anebo flexibilita a vysok& odolnosicvadsorpci bilkovin u cévnich
nahrad. BohuZel existuje velmi malo matetrjakteré by byly schopny soasré
sphiovat vSechny naroky narkladené. Z tohotoivodu jecasto pouzivanou strategii
pouziti konverinich materidl (kovy, slitiny kova, polymery) majicich poZzadované
objemové vlastnosti, které jsou nasleédpovlakovany tenkou furdai vrstvou,
zaruwtujici jejich biokompatibilitu. Jednou z moZznosti pdeice tenkych fundnich
vrstev je pouziti nerovnovazného plazmatu, kteréoziimje deponovat homogenni
tenké vrstvy s dale kontrolovatelnymi fyzikalnimi, chemickymi i biagponsivnimi
vlastnostmi na prakticky jakykoliv material, aniy byly ovlivnény objemové vlastnosti
povlakovanych material

Site material, které je mozné deponovat pomoci technologii zsig¢h na
nerovnovazném plazmatu (rfapnagnetronovym naprasSovanim, depozici z plynné faz
s aktivaci plazmatem) je velmi rozsdhla a zahrijaliekovy, ¢i oxidy kowi, tak i tzv.
plazmové polymery (na&fklad [39]). Termin plazmovy polymer ozhge material,
ktery vznika jako vysledek pchodu organickych plyinnebo par doutnavym vybojem.
Organické molekuly jsou nejprve ve vyboji aktivoyaanebo fragmentovanyfip
srazkach s energetickymi elektrony, fippd UV za&enim emitovanym plazmatem.
Takto vzniklé radikaly se nasletlipodileji na konveini radikalové polymerizaci, kdy
dochazi jednak kistu fetzci (propagace), jednak k uké&mvanitrettzci (terminace).
Zatimco aktivace probihargvazrie v plazmatu, druhé d@vfaze mohou probihat jak
v plazmatu, tak i na povrchu substratu vioZzenéhpldomatu.

Na rozdil od klasickych polyme&r které obsahuji pravideinse opakujici
monomerni jednotky, maji plazmové polymery velmisggadanou strukturu,igemz

jednotlivéietzce jsou velmi kratké, nahogimozwtvené a ukotené, a vykazuji vyssi
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stupdi zesfovani. Tento rozdil ve struki® konvegnich a plazmovych polymerje

demonstrovan nabrazku 6.

H
ONH
VI
H H
HC CH C
SH c
C C/ N C/’ \CH3
N,
CH, e M~ Ha N
\ H\C __CH [
HZC 2 \ - CHZ
CH
H,c—C /
CH, C
HCL / W y
’ CH, C—CH,
C.
\ / \CH
HC — CH 3 a)
& e
N~ b)
H, H,

Obrazek 6.a) hypoteticka struktura uhlovodikového plazmovpblymeru a

b) strukturni vzorec polyethylenu

Vysledné vlastnosti deponovanych vrstev zavisi meoha faktorech, jako je
nagiklad pouzity vychozi monomer, tlak, vykon a vzawst substratu od aktivniho
plazmatu atd. Toteini ptipravu plazmovych polymeémelativre slozitym procesem. Na
druhou stranu velkd flexibilita plazmové polymeradevoluje n&nit vlastnosti
deponovanych vrstev (chemické slozeni, morfologiegivost, tvrdost atd.) v Sirokém
rozsahu a umdillje pipravu material s vlastnostmi, které jsou velmi obt&n
dosazitelné klasickymi Zigoby polymerace.

Pravd&podobr nejpouzivadSim zpisobem pipravy plazmovych polymérije
depozice z plynné faze za aktivace plazmatem (PEC\WKDy je do plazmového

reaktoru pivadén plynny monomer, nebo jeho 8ms pracovnim plynem. Nevyhodou
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metody PECVD je nutnost pouziti kapalnych monampogipad organickych plya,
které jsoucasto toxické, pafppact karcinogenni. Nicmeén plazmové polymery je
mozné pipravit i bez nutnosti pouzitéthto latek pomoci magnetronového napraSovani
(viz. obrazek 7). Fxi tomto zmisobu gipravy je vysokofrekveini magnetron osazen
polymernim tetem, ktery je diky vzniklému zapornémuedpiti na magnetronu
odpraSovan dopadajicimi vysokoenergetickymi ionfere tak slouzi jako zdroj
organickych fragmeiitpro proces plazmové polymeracé&cpmz organické fragmenty
jsou emitovany pouze po dobu, po kterou je zapa@jioj. Navic tato metodaripravy

je energeticky vyhodijSi pii pripadném Skalovani procesu.

=

Obrazek 7.Zakladni usptadani pouzivanéipvysokofrekvegnim naprasovani
z polymernich teti (vlevo) a fotografie vybojeipvysokofrekvenim naprasovani

z nylonového tefe (vpravo).

V predkladané praci bude pozornoghevana zejména plazmovym polyrier
pripravenym vysokofrekvamim magnetronovym naprasovanim z nylonovéhoeter
to jak ve form¢ hladkych wvrstev (kapitola 3.1), tak ifiprak plazmow
polymerizovanych nari@dstic (kapitola 3.2). Vysledky dosazené v naSi skipna
kterych jsem s€ast&né podilel a které se tykaji dalSich diyflazmovych polymeé,

je mozné nalézt v nasledujici¢ldncich [40-43].
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3.1 Hiprava a aplikace tenkych vrstev plazmovych polymar obsahujici

aminoskupiny

3.1.1 Tenké vrstvy plazmovych polymei obsahujici aminoskupiny

Jednim z népstji studovanych plazmovych polymer pouzivanych pro
biolékarské aplikace jsou plazmové polymery obsahujici gnaino zejména primarni
aminy (NH). To je dano zejména tim, Ze primarni aminy uiogiz kovalentni
imobilizaci celérady biomolekul (nafp DNA, ¢i razné typy bilkovin), usnaulji a
podporuji fist burk, pogipack se pouzivaji jako platforma pro naslednou
funkcionalizaci [44]. Z tohoto i/odu byla hlavni pozornostémovana optimalizaci
depozéniho procesu, vedouciho k vrstvam bohatym na »NiKupiny. V &chto
experimentech byly pouzityazné postupy vyuZivajici jak nizkotlaké vyboje, tak
vyboje atmosférické. Vysledky dosazerignymi postupy jsou shrnutytabulce 1 Je
vidét, Ze nejvysSich hodnot amino-efektivity, tj. p@mn koncentrace primarnich
aminoskupin ku koncentraci uhliku ([NJC]), dosahujici hodnot pod 20% bylo
dosaZeno plazmovou co-polymeraci vyuZivajici jalex@vni smis NH;:CoHa.

Depozini

Metoda Material ~ NH,/C [%] Ref.
rychlost
N,:H, nebo
Modifikace plazmatem 3.5 neuvedeno  [45]
NH/N,
N,:H, nebo
Modifikace plazmatem - 2 neuvedeno  [46]
3
Modifikace plazmatem NH, 2 neuvedeno [47]
Plazmovéa _
NH,CH, 15 2.5 nm/min [48]
co-polymerace
Atmosférické plazma N2:C,H, 8 500 nm/min [49]

Tabulka 1 Srovnéni #iznych metod pouZzitych praipravu vrstev bohatych na

primarni aminoskupiny
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3.1.2 HRiprava vrstev obsahujicich primarni aminoskupiny manetronovym

naprasovanim nylonu a jejich vlastnosti

Na rozdil od vySe zmémych studii bylo v naSi labordtgpro depozici vrstev
plazmovych polymer obsahujicich primarni aminoskupiny vyuZito magmedvého
napraSovani z nylonoveého &er [OK10]. Byly testovany i#izné pracovni plyny a to
argon, dusik a vodik a jejich gm. Bylo zjiS€tno, Ze depozni rychlost roste
s rostoucim zastoupenim dusiku a s klesajicim zpstom vodiku ve vybojové sisi.
Tento rozdil v depoznich rychlostech je mozné vy&liit jednak leptdnim rostouci
vrstvy vysoce reaktivnimi vodikovymi atomy, jednakySenim dinnosti odpraSovani
molekularnich fragmentz nylonového teie @i zvysSujicim se zastoupenim dusiku ve
vybojové smisi, coz bylo prokazano pomoci hmotnostni spektramgirovadné
béhem depozice plazméypolymernich vrstevK11].

SloZeni vybojové sisi ma vliv nejen na depazii rychlost, ale i na chemické
sloZeni pipravenych vrstev. Bylo zji8ho, Ze pi pouZiti Ar jako pracovniho plynu maji
deponované vrstvy prvkové sloZzeni obdobné nylo®3aTC, 12.5% N, 12.5% O). Je-li
pouzita smis Ar:N, dochézi k ndistu koncentrace dusiku ve vrstvach. Niceerstvy
piipravené ve sisich Ar/N, maji velmi malou amino-efektivitu, jinymi slovynemala
cast dusiku je véthto vrstvach fitomna ve form primarnich amifi. Vyrazné zvyseni
amino-efektivity bylo pozorovano u vzarkptipravenych ve vybojovych sfmich
obsahujicich dusik a vodik. Bylo prokadzano, zZécthtb sndsich je mozné iiipravit
vrstvy majici pordr [NH]/[C] blizici se 20%, tj. porr srovnatelny s maximalnimi
hodnotami dosazenym jinymi postupyji gachovani relativh vysoké depozni
rychlosti (7.5 nm/min).

Nasled® byly vrstvy gipravené viiznych vybojovych srsich testovany
s ohledem na kinetiku adsorpce bilkovin, konk&€trovin serum albuminu. Bylo
prokazano, ze rychlost adsorpce albuminu odpowadtompeni NkBiskupin ve vrstvach:
nejrychlejSi adsorpce byla pozorovana na vzorcid@ipravenych v NMH; smesi,
nejpomalejSi pak byla adsorpce na vrstvach depanwova pouziti argonu jako
pracovniho plynu.

Poslednim krokem bylo @veni schopnosti vrstev fipravenych pomoci
magnetronoveého naprasovani z nylonovehtetesnadnitist osteoblagin podobnych
burgk (MG-63). Tyto experimenty byly provedeny ve spwotaci s ING Greifswald. Jak

je vidét naobrdzku 8, kde jsou pro srovnani uvedeny mikrografy MG-63dbuna
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TIAIV substratu a na TiAIV pokrytym vrstvou plazmélvo polymeru fipraveného
magnetronovym naprasovanim z nylonovéhoeere smisi No/H, 1:1, buiky vykazuji

skutené vyrazrgji lepSi adhezi k povrchu pokrytém plazmovym polyem [50].
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Obréazek 8. Priklady mikrografi buntk MG-63 na TiAlV disku (vlevo) a na TiAIV
disku pokrytém vrstvou nylonu magnetrogaaprasovaného ve ggi No:H, 1:1.

3.1.3 Testovaniéasové stalosti a odolnosti vrstev napraSovaného wylu Vi€

vodnému prostedi a sterilizatnim metodam

Povrchova koncentrace primarnich amino skupin vi&ak jedinym parametrem
ovliviiujicim pouzitelnost plazmovych polynier biolékaskych aplikacich. Ty diky
své specifinosti kladou i dalSi naroky na vlastnosti depongeanvrstev. Prvni z
vlastnosti, ktera by #a byt zardena, jecasova stalost vzotk BohuzZel, plazmové
polymery vystavené gsobeni atmosféry maji tendenciémit své vlastnosti. Jako
piiklad mize byt uvedena oxidace volnych radikaldgitgmnych v plazmovych
polymerech, pofipact nestalost &kterych funkinich skupin, kterd vede k reorganizaci
povrchové vrstvy [51]. Toto je iffpad plazmovych polymérobsahujicich priméarni
aminy, u kterych byl pozorovan pé@mé rychly pokles amino efektivity &asem [52].
Druhou dilezitou vlastnosti povréhpouzivanych v biolékakych aplikacich je jejich
odolnost wi¢i vodnému prosedi (nap. vaci télnim tekutindm, krvi nebo kultivaimu
médiu pouzivanému praist burgk). Poslednim aspektemildzitym pro biolék#ské
aplikace je odolnost plazmovych polymeraéi sterilizatnimu procesu. Tytofit
vlastnosti, tj. casova stalost, odolnostiadi vodnému prosedi a odolnost nami
pfipravovanych vrstev magnetrortowaprasovaného nylonuudi sterilizaci byla

predmétem mého systematického vyzkumu na KMF MFF UK.
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Na zéklad provedenych experimeantylo zjiS€no, Ze jiz po jedné hodinna
vzduchu je mozZné pozorovat vyraznéémyv povrchovém sloZenftipravenych vrstev.
Bylo zjiStno, Ze po vystaveni vzarkatmosfée dochazi k postupnémustu zastoupeni
kysliku ve vrstvach na ukor koncentrace dusiK12]. Na zaklad XPS a FT-IR
meieni byl tento efekt vyslen hydrolyzou vrstev Afsobenou atmosférickou vihkosti,
tj. procesem:

-C=N- + HO — -C=0 + NH; (R3)

Co se tyka rozpustnostitipravenych vrstev ve ved ukazalo se, Ze zatimco
vrstvy gipravované \istém argonu a v binarnich 8sich Ar:N, se nerozpousti,
v pfipact vrstev deponovanych ve ssich N:H, dochazi k releativh rychlému
poklesu tloustk vrstev (cca 40% pokles tlousky po 24 hodinaclve@®). Tento rozdil
je konsistentni s rozdilnym zastoupenim primarraahinoskupin ve vrstvach; vyssi
zastoupeni amino skupin ve vrstvach je doprovazewssSim vyskytem
nizkomolekularnich fragmein{oligomef) rozpustych ve vad[52].

Poslednim pozadavkem vztahujicim se k bidlékgm aplikacim plazmovych
polymefi je jejich odolnost &¢i sterilizatnim proce8m. Tomuto tématu seémuje
podrobrd prace PK13], kde byly vrstvy magnteronév napraSovaného nylonu
sterilizovany temi nefastji pouzivanymi sterilizénimi technikami — UV z&nim,
suchym teplem (169 a autoklavem (12). Srovnani vlastnostifipravenych vrstev
pied a po sterilizaci ukazalo, Ze pro zachovani sobsip vrstev napraSovaného nylonu
usnadiovat adhezi bu¥k je nejvhodijSi pouZiti suchého tepla, po jehoZz aplikaci
nedoslo k Zzadnému pozorovatelnému poklesiiypburek rostoucich na sterilizovaném
vzrorku ve srovnani se vzorkem, ktery sterilizowéyl. U dalSich dvou sterilizaich
metod byl naopak pozorovan vyrazny pokles adhedhjidourtk jak je vidt na
obrazku 9, kde jsou uvedeny fotografie osteobitat podobnych butk MG-63 po
jednom dni na vrstvach napraSovaného nylonu, kief§ sterilizovany éznymi
metodami.

V praci [OK13] byly krom¢ napraSovaného nylonu studovany i vrstvy plazgnov
polymerizovaného poly(ethylen oxidu) (pPEO) a n&pvaného poly(tetraflour
ethylenu) (pPTFE). Srovnani vlivu sterileztdch metod na bioresponsivni vlastnosti
téchto plazmovych polymérvedlo k za¥ru, Ze pro kazdy plazmovy polymer je vhodna
jina steriliz&ni metoda: zatimco pro naprasovany nylon je optimaliché teplo, pro

vrstvy pPEO je nejvhodiBi sterilizace UV z&nim a pro pPTFE je pouZitelné jak UV
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zaeni tak suché teplo. Tento vysledek je velniiledity zejména pro pouZiti
plazmovych polymer v biolékaskych aplikacich, protoZe jasmlokumentuje fakt, Ze

pro kazdy typ plazmového polymeru je nutné najitadnou sterilizéni metodu.

Obrazek 9. Priklady fotografii bugk MG-63 na vrstvach naprasovaného nylonu po
jednom dni. A) vrstva, ktera nebyla sterilizovanavBstva sterilizovana UV Zanim C)
vrstva sterilizovana autoklavem a D) vrstva stepNidna suchym teplem.
Prevzato z DK13].

3.1.4 Pouziti vrstev napraSovaného nylonu pro fjpravu vrstev omezujicim

adsorpci bilkovin

Jak bylo uvedeno vysSe, vrstvy plazmovych polyimebsahujici primarni
aminoskupiny mohou byt vyuZity i jako platforma ptalSi funkcionalizaci. MoZnosti
vyuziti vrstev napraSovaného nylonu preéippavu vrstev odolnych & adsorpci
bilkovin byla wnovana publikaceQK14]. Tento typ materidl (v literati'e ozn&ovany
jako ,antifouling”) je velmi dilezity v celé radé aplikaci (napiklad v cévnich
nahradach, vyrab biosenzoi ¢i separanich membran). Véchto aplikacich je pro
spravnou funkci daného materidlu nutné zajistity ala jeho povrchu nedochazelo
k akumulaci krevnich bilkovin.

Ackoliv bylo navrzeno mnoho tenych postup pro pgipravu povrchk

zamezujicich adsorpci protéinjediny doposud znamy typ materialu, u kterého byl
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pozorovan antifouling charakteti& krevni plazn¢ jsou polymerni ,kart&" (polymer
brushes) oligo(ethyleneglycol)metakrylatu a polyflkaxybetain acrylamidu). Tyto
.Kartd¢e" se deponuji na povrchy pomoci povrctioinicializované radikalové
polymerace signosem atomu (ATRR) metodou radikalového afti¢-fragmentaniho
pienosu polymernihdettzce (RAFT). B téchto metodach jsou iniciatory procesu
navazany na povrch pomodiznych tym chemickych reakci (n&jklad chemisorpci
thioli na povrch zlata) v zavislosti na pouzitém subgtrabto je hlavni slabina vSech
téchto metod, jelikoZz dany proces je zavisly na maliersubstratu, coz limituje i$i
materiat, které mohou byt povlakovany.

Jako alternativa byl v prdcOK14] navrZzen postup schematicky znazom na
obrazku 10. F¥i tomto postupu se nejprve nanese vrstva naprasbeanylonu. Na ni
se navaze ATRP iniciaton{bromoisobutyrat bromide),ifigemz se vyuZziva procesu
acylace amino skupin na povrchu vrstev napraSovamgtionu. Nasledh jsou na
takovychto povrSich vytweny polymerni kart&e oligo(ethyleneglycol)metakrylatu
zakorteneho hydroxy¢i metoxy skupinou, pdfpact karta&e poly(karboxybetain
acrylamidu). Jak bylo ukéazano, taktdigpavené vrstvy maji skutaé antifouling
charakter: v ipads krevni plazmy byla pozorovana adsorpce nizsi rem@.cnt,
piicemz tento antifouling charakter bidso staly po dobu i mésia.

Krom¢ dosazeni velmi nizké adsorpce bilkovin rigonavenych povrsSich je
nutné zdraznit i dalSi vyhody navrzeného postupu. Jak dézano chemické slozeni
napraSovaného nylonu, tj. vrstvy, kterd byla paui#tko platforma pro dalSi kroky
piipravy polymernich kartdi, nezavisi na materialu substratu (sklo, Au, SAIVia
poly(propylen)). Jinymi slovy tento postupipravy je pouzitelny pro taka jakykoliv
substrat. Druhou vyhodou je moznostippavy ultratenkych vrstev napraSovaného
nylonu @ zachovani homogenity pokryti substratu. Toto @mi dilezité zejména
s ohledem na vyvoj biosenso(nagiklad cipt pro SPR), kdy je jednim z pozadavk

mala tlougka vrstev.

24



poly(HOEGMA) / poly(MeOEGMA) poly(CBAA)

Obrazek 10.Schematické zndza¥ni piipravy vrstev majicich antifouling charakter
zaloZené na pouziti naprasovaného nylotievEato z DK14].

3.2 Fiprava plazmow polymerizovanych nand@astic

Az doposud byly diskutovany pouze vysledky depozilzemovych polymer
ve forme tenkych, hladkych vrstev. Nicmé&npomoci nizkoteplotniho plazmatu je
mozné pipravovat i plazmo¥ polymerizované nardastice. Vznik mikronovych a
submikronovychastic plazmovych polymeérbyl poprvé popsan v sedmdesatych letech
minulého stoleti [53,54]. Po dlouhou dobu byla bartakovychtocéastic velmi
nezadoucim jevem, coz platilo zejména pronpyslové aplikace plazmovych reakior
pouzivanych nagklad pri vyrob¢ solarnichélanka ¢i mikroelektronickych sotastek.
Na druhou stranu takto vznikléastice se staly ipdmétem mnoha studii a daly
vzniknout oboru fyziky nazyvaném fyzika prachovgilazmatu (nafiklad prehledové
¢lanky [55-58]). V tomto oboru byla hlavni pozorneghovana zejména studiu vzniku
nana@astic a jejich vlivu na vlastnosti plazmatu. Nicragrlazmow polymerizované
nan@astice je mozné vyuZzit i protipravu nanostrukturovanych a nanoporéznich
materiati, které mohou najit uplaini i v biolékaskych aplikacich (ndjklad pi
kontrolovaném podavanide, kontrole sméivosti povrchi). Z tohoto divodu je patrny
vzrastajici zajem o moznost kontrolovangppavy takovycht@astic.

NejbezrejSimi metodami fipravy plazmow polymerizovanych nardstic je

plazmatem aktivovana depozice z plynné faZzemagnetronové naprasSovanii p
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zvySeném tlaku (n&fklad [59-65]). Ri téchto zpisobech fipravy je mozné odliSitii
faze histu nanoastic (napiklad [66]):

* Vznik zarodki nan@astic. Tato faze jéizena komplexnim procesem plazmové
polymerace. Na zakl@dexperimentalnich vysledkbylo zjiS€no, ze kléovym
parametrem v této fazi je tlaktiglaku nizSim nez je ity kriticky tlak (radow
desitky Pa) nedochazi ke vzniku na&stic. Tento efekt je vystlovan nutnosti
stabilizace vznikajicich zarotlkhan@éstic trojsrazkami s nosnym plynem.

» Koagula&ni faze. Srostoucim ptem vzniklych zarodk nand@astic roste
pravdpodobnost jejich vzajemnych srazek, které vedoalivrychlému vzniku
vétSichceastic majicich rozgry kolem 10 nm.

» Rustova faze. Diky koagulaci velmi rychle kles&@ioéastic, které se mohou
navzajem srazet. DalSiist je mozny fipojovanim neutralnichéastic k jiz

exitujicim nandasticim.

Nicmére vySe uvedené Zzgoby ipravy nejsou §liS vhodné pro
kontrolovanou depozici nanastic. To je dano zejména tim, Ze vzniklé r@stice
v plazmatu ziskavaji zaporny naboj a jsou elekatadty zachyceny v plazmatu. To ma
za nasledek, Ze depozice je mozna pouze diky etavitsile, ktera fekona
elektrostatické sily, a tudiz pouze relativaelké ¢astice mohou byt deponovéany.
Druhym moZnym postupem je pulzovani plazmatu, niemétomto gipact je velmi
limitovana homogenita depozice a neni mozna koatiudepozice. Alternativni
postup testovany na KMF MFF UK je vyuZiti konceptadobnému plynfiagregéanim
zdrojam pouzivanym pro depozici kovovych nanoklag67]. Tento typ zdroje, ktery je
schematicky fedstaven nabrazku 11, se sklada z chlazené agré&gskomory osazené
zdrojem plazmatu (v naSem konkrétnimippd® vysokofrekveminim magnetronem
osazenym polymernim t&m), ktera je od depazii komory oddlena uzkou vystupni
Strbinou. Toto uspfadani umoituje udrzovat v agregai komade tlak dostaténé
vysoky pro tvorbu nani@stic. Vzniklé nangastice jsou pak proudem plynu unaseny
skrze vystupni 8tbinu do nizkotlaké depazii komory ve formy Uzkého svazku a

deponovany na substrat.
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Obrazek 11.Schematické znazo¥ni aparatury pouzité praipravy nandastic
plazmow polymerizovaného nylonu (B — tlakové&rka, W — optické okénko, P —
cerpaci systém, d — vzdalenost mezi substratemtapyisStrbinou zdroje nantéstic).
Prevzato z DK15].

Tento postup byl vyuzit proffpravu nansastic plazmo¥ polymerizovaného
PTFE [68] i pro pipravu nandastic plazmo¥ polymerizovaného nylonuQK15]

(priklad vrstvy nangastic plazmo¥ polymerizovaného nylonu je uveden na

obrazku 12).

Obrazek 12.Mikrograf ze skenovaciho elektronového mikroskemsivy nangastic

palzmo polymerizovaného nylonui€vzato z DK15].

V praci [OK15] byla hlavni pozornostdnovana moznosti ovlitovat velikosti
deponovanych nawastic. Bylo zjiS¢éno, Ze depozhni rychlost nanéastic i jejich
pramérny poloner mirré klesa s rostoucimifkonem givadénym na vysokofrekvemi
magnetron (20 % pokles pnéru nan@astic @i zvySeni pikonu z 60 na 100 W). To
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pravéEpodobré souvisi s vySSim za@ivanim vzniklych nangéstic se zvySujicim se
piikonem. Druhym parametrem, ktery ma zasadni vlivysednou velikost nagastic
je doba, kterou rostouci naf@stice stravi v agregai komde. Pomoci experimeint
provagnych za #iznych pfitoki nosného plynu za konstantniho tlaku v agéaga
komare a experimefitprovad&nych s tiznou délkou agregai komory bylo zji&no, ze
objem vzniklych nangastic roste lineagn scasem, ktery¢astice stravi v agregai
komare. Jinymi slovy, zréfnou délky agregai komory¢i zmeénou rychlosti prouéhi
plynu agregéni komorou je mozné ziskat naidstice s prmérem v rozmezi

73-231 nm.

3.3. Shrnuti

V této kapitole byly pedstaveny vysledky tykajici seripravy plazmovych
polymei pomoci vysokofrekvaemiho naprasSovani z nylonového d&er Bylo
prokazano, Ze tento #gob gipravy umo#uje depozici plazmovych polymemajicich
velmi vysoké zastoupeni primérnich aminoskupinrétge srovnatelné a v mnoha
piipadech i vysSi nez u vrsteviigravovanych jinymi plazmovymi metodami.
Pripravené vrstvy byly navic studovany i s ohledem jeach casovou stélost,
rozpustnost i odolnosti¢i sterilizaénim metodam, tj. v literate ¢asto gehlizenym
vlastnostem plazmovych polynier S ohledem na mozné pouZiti v biol&kgich
aplikacich se ukéazaly jako optimalni vrstviippavené ve sisi Ar:N,. Ackoliv tyto
vrstvy vykazuji nizsi povrchovou koncentraci primi&h amiri nez vrstvy deponované
ve smési Np:H; jsou povlaky vytvéené ve srési Ar:N, vyrazre stabilrgjSi ve vodném
prostedi. To je vhodné zejména pro jejich dalSi funkalmaci,cehoz bylo vyuzito p
piipraw vrstev odolnych #ci adhezi proteit.

V neposlednitacé se pod#lo ptipravit i nan@astice naprasovaného nylonu o

raznych velikostech, coz je pa&mé novy vysledek.
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4. VyuZziti nanoklastri pri piipravé vrstev s kontrolovatelnou nanodrsnosti a jejich

mozné pouZziti v biolékadskych aplikacich

DalSim typem materiélu, ktery nalégian dalecastjSi uplatréni v biolékaskych
aplikacich, jsou ttzné typy nanoklasira nand¢astic. Ty je mozné pouzit samotné
(napiklad kovové klastry pro povrchév zesilenou ramanovskou spektroskopii
(napiklad [69,70]) popipact zabudované do matrice femé jinym materialem, kdy
hovaiime o nanokompozitnich materidlech. Druhamowana moznost se v stasné
dok¢ vyuziva napiklad pro gipravu antibakterialnich povlék nebo jako sotést
senzob (nagiklad [71-73]).

Dulezitym parametrem povréh pouzivanych v biolékakych aplikacich je
jejich drsnost na nanometrické Skale. Z tohateadiu bylo vypracovano mnoho metod
umoziujicich pgipravu povrch s poZzadovanou nanodrsnosti. Tyto metody jsou
zalozeny napklad na odleptavani povréhplazmatem [74],¢i na dvoukrokovém
procesu zalozeném na vytemi zdrseiného povrchu pomoci leptani, colloidalni
litografie, fotolitografie¢i s pouzitim lasef, piicemzZ takto vytvéené povrchy jsou
nasleds prekryty materialem majici poZzadované chemické slogmagiklad [75-84]).

V této kapitole bude fedstaveno alternativni pouZziti nanoklasa nandastic pro
piipravu materidl s kontrolovatelnou povrchovou nanodrsnosti a moggeziti

takovychto materidal

4.1. Fiprava nanostrukturovanych vrstev s variabilni smaivosti

Navrzeny postup, schematicky znazomw naobrazku 13, spaiva v depozici
vrstvy nandgastic, ktera je nasledovanéefrytim nadeponované nat@sticové vrstvy
tenkou vrstvou jiného, péfpad i téhoz materialu. Jako zdroj na@stic byly pouzity
rizné druhy plyn# agregénich zdrofi, s jejichz pomoci byly iipraveny jak kovové
nanaastice (nafiklad Ti [85,86], Pt [87], Ag [88]), tak nasastice plazmovych
polymeii zmiréné jiz v gedeslé kapitole. Jako zdrofgkryvového materialu bylo
pouZzito magnetronové napraSovani z kovowigholymernich teti, pogripad metoda
PECVD. Jak bylo ukdzano vhodnou volbou mnozstvbdepanych nantstic a jejich
velikosti je mozné dosahnout peme Sirokého rozsahu nanodrsnoti vyslednych
povlaki (v rozsahu od jednotek d@kolika stovek nanomeirjak je vidst naobrazku

14). Zasadnimi vyhodami tohoto postupu je jeho nestdsi na substratu, moznost
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depozice v jedné depdni komde i moznost nezavislé kontroly nanodrsnosti, kjera
dana jen vlastnostmi natwsticové vrstvy, a chemického sloZeni povrchu drsiéo

povlaku, ktera zavisi jen na pouZzitéiekryvovém materialu.

_>
o o & _.....

a) b)

Obrazek 13.Znazorrni postupu fipravy vrstev s kontrolovatelnou nanodsrnosti. a)

depozice vrstvy nanoklagtb) depozice fekryvoveho materialu.

MozZnost kontrolovat drsnost poviichnezavisle na jejich chemickém sloZeni
muze byt vyuzita pro fipravu povrci s miznou smadivosti. Tomuto tématu je
vénovana prace QK16], kdy byly vyuzity Ti nanoklastry, které bylyigkryvany
vrstvou napraSovaného nylonu a vrstvou plazimpelymerizovaného n-hexanu. Bylo
prokazano, Zze pouhou 2mou mnozstvi deponovanych Ti nanoklastrpodkladové
vrstw je mozné dosahnout 2my hodnoty kontaktniho ahlu vody az o 50% {@ppct
hydrofilniho napraSovaného nylonu byl pozorovanlesk 42 az na 18 v pripadc
hydrofobniho plazmay polymerizovaného n-hexanu byl pozorovanusérz hodnoty
90° na 130). Tohoto jevu by bylo mozné vyuzit pro owliwani adsorpceiznych
bilkovin na povrch, jelikoZz sntévosti povrchu vyraznym Zisobem ovliviuje interakci

mezi povrchem a bilkovinou.
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RMS drsnost 4.5 nm RMS drsnost 27 nm

Obrazek 14.0brazky ziskané pomoci mikroskopu atomarnictayirstva Pt
nanoklasth prekrytych naprasovanym PTFE b) vrstva Al nanokiagtekrytych
naprasovanym PTFE c) vrstva naastic plazmo¥ polymerizovaného nylonu
piekrytych napraSovanym PTFE. U vrstev jsou uvedeamnbty stedni kvadratické
hodnoty (RMS) drsnosti

4.2. Riprava nanostrukturovanych vrstev s variabilni nanalrsnosti pro studium
rastu bunék

Druhou oblasti, kde je mozné s vyhodou pouzit yrstkontrolovanou drsnosti
je studium vlivu drsnosti naast kostnich buk. Tomuto tématu seénuje prace
[OK17], kde byly pouzity plazmay polymerizované C:H nawéstice, pekryté titan
oxidovou vrstvou. Na zakl&dbiologickych test bylo prokdzano, Ze existuje optimalni
nanodrsnost, kterd usnage kolonizaci povrchu osteobléast podobnymi biikami
MG-63. Nasledné podrobj$i experimenty, které jsou v stasné pipravovany
k publikaci, ukazaly, Zze z hlediskastu MG-63 bugk je nejvyhodgjSi povrch majici
stredni kvadratickou hodnotu drsnosti kolem 30 nm.td ed@¥r je zdokumentovan na
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obrazku 15, kde jsou uvedeny gty burék na povrSich siznou nanodrsnosti 7 dni po
nasazeni buk.

5,5x10°

5,0x10° | e
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4,0x10° - % /

3,5x10°

pocet bunék na cm’
——
-

C
»>
o
x
oy
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1

3,0x10° I ; I ; I ; I ; .
0 20 40 60 80 100 120

RMS drsnost [nm]

Obrazek 15.Zavislost potu burek MG-63 na drsnosti povrchu titan oxidu po 7 dnech
po nasazeni bgh.
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5. Zawer

V predkladané praci byly fpdstaveny a diskutovanyizné moznosti vyuziti
nerovnovazneho plazmatu pro bioledee aplikace. Jako prvni bylo ukazano, ze
nerovnovazné plazma generované za snizeného tlakaziuje velmi &inngé
sterilizovat celouradu biologickych patog@nzahrnujici jak bakteridlni spory, tak i
raizné druhy biomolekul. Byl identifikovan hlavni pesc vedouci k odstii@avani
organického materidlu z povrchu v aktivnim plazmatichemické odpraSovani. To
umoznilo nasledhoptimalizovat sterilizéni proces. Mimoto byla navrzena metoda pro
in-situ monitorovani sterilizéniho procesu a postup pro inaktivaci bakteridlnich
endotoxiri.

Pomoci vysokofrekvamiho napraSovani z nylonového ¢er se podélo
nadeponovat vrstvy majici relatwysoké zastoupeni primarnich aminoskupin, které
jsou vhodné pro dalSi funkcionalizaci. Tohoto byguzito pro gipravu poviak
odolnych proti adhezi bilkovin z krevni plazmy. Mito byl nalezen i postup
umoziujici pripravu nangastic plazmo¥ polymerizovaného nylonu odznych
velikostech.

Byla piedstavena metoda ummngici pripravu povlak s nezavisle
kontrolovatelnou nanodrsnosti a chemickym sloZzefiato metoda byla vyuzita pro
ovlivnéni smé&ivosti povrchi i pro nalezeni optimalni drsnosti prast osteoblasim

podobnych bugk na titan oxidu.

33



6. Literatura

[1]

[2]
[3]
[4]

[5]

[6]
[7]

[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

Lipscomb | P, Sihota A K, Botham M, Harris K L, KeleC W 2006J. Hosp.
Infections 62 141

Lipscomb | P, Sihota A K, Keevil C W 20A8 Hosp. Infection§8 52
Menashi W P, US Patent No. 3 383 163, 1968.

Kelly-Wintenberg K, Hodge A, Montie T C, Deleanu &herman D, Roth J R
1999J. Vac. Sci. TechnolA 17 1539

Lerouge S, Fozza A C, Wertheimer M R, Marchand Bhi& L'H 2000Plasma
and polymer$ 31

Lerouge S, Wertheimer M R,Yahia L'Y 20@lasmas and Polymefs175

Moisan M, Barbeau J, Moreau S, Pelletier J, Tadnia¥l, Yahia L'H 2001 Int.
J. of Pharmaceutic826 1

Lerouge S, Wertheimer M R and Yahia L'Y 20Btasmas and Polymefs175

Moisan M, Barbeau J, Crevier M-C, Pelletier J, iphM, Saoudi B 2002Pure
Appl. Chem.74 349

Philip N, Saoudi B, Crevier M C, Moisan M, BarbehuPelletier J 200EEEE
Trans. Plasma ScB0 1429

Mogul R, Bol'shakov A, Chan S L, Stevens R M, Kh&e\, Meyyappan M,
Trent J D 2008Biotechnol. Prog 19776

Bol'shakov A A, Cruden B A, Mogul R, Rao M V V Sh&ma S P, Khare B N,
Meyyapan M 200AIAA Journald2 823

Moreau S, Moisan M, Tabrizian M, Barbeau J, Pdaledi Ricard A, Yahia L'H
2000J. Appl. Phys88 1166

Feichtinger J, Schulz A, Walker M, Schumacher U28arf. Coat. Technol
174-175564

Nagatsu M , Terashita F, Nonaka H, Xu L, Nagat&dide Y 2005Appl. Phys.
Lett.86211502

34



[16]

[17]

[18]

[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]

[30]

[31]

[32]

[33]

Halfmann H, Denis B, Bibinov N, Wunderlich J, Awakiez P 2007J. Phys. D:
Appl. Phys40 5907

Cousty S, Villeger S, Sarette J P, Ricard A, Sikb2006 Eur. Phys. J. Appl.
Phys.34 143

VujoSevi D, Mozett M, Cvelbar U, Krstulovd N, MiloSevic S 2007J. Appl.
Phys.101103305

Vicoveanu D, Popesco S, Ohtsu Y, Fujita H 260é&sma Process. Polyr.350
Boudam M K, Moisan M 2010. Phys. D: Appl. Phy#l3 295202

Montie T C, Kelly-Wintenberg K, Roth J R 200EEE Trans. Plasma Sc28
41

Laroussi M 2002EEE Trans. Plasma S@0 1409

Heise M, Neff W, Franken O, Muranyi P, WunderlicBQD4Plasmas Polymers
923

Laroussi M 20053°lasma Process. Polyrd.391

Akitsu T, Ohkawa H, Tsuji M, Kimura H, Kogoma M 20&urf. Coat. Technol
19329

Boudam M K, Moisan M, Saoudi B, Popovici C, Gher&tdMassines F 2006
Phys D: Appl Phy89 3494

Fridman G, Brooks A D, Balasubramanian M, FridmarGiutsol A, Vasilets V
N, Ayan H, Friedman G 200Rlasma Process. Polym.370

Munakata N 1974. Bacteriol.12059
Kylian O, Sasaki T, Rossi F 20@ur. Phys. J. Appl. Phy84 139

Opretzka J, Benedikt J, Awakowicz P, Wunderlichvdn Keudell A 2007J.
Phys. D: Appl. Phys10 2826

Raballand V, Benedikt J, Wunderlich J, von KeudelP008J. Phys. D: Appl.
Phys41115207

Benedikt J, Flétgen C, Kussel G, Raballand V, vaudell A 2008J. Phys.:
Conf. Ser133012012

Guerra V, Loureiro J 1997lasma Sources Sci. Techn®B

35



[34]

[35]

[36]
[37]
[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]
[47]
[48]

[49]

Guerra V, S& PA, Loureiro J 2001Phys. D:Appl. Phyf4, 1745

Kylidn O, Denis B, Stapelmann K, Ruiz A, RauscherRéssi F 201Plasma
Process. Polyn8 1137

Kylian O, Hasiwa M, Rossi F 200@asma Process. Polyd.272
Hasiwa M, Kylidn O, Hartung T, Rossi F 20Bfate ImmunityL4 89.
Kylidn O, Hasiwa M , Gilliland D, Rossi F 2008asma Process. Polyra 26

Biederman H, Osada Y 1992Pfasma Polymerization Processe&lsevier

Science, Amsterdam

Dréabik M, Polonskyi O, Kylian OCechvala J, Artemenko A, Gordeev |,
Choukourov A, Slavinska D, Matolinova |, Biedernth2010Plasma Process.
Polym 7 544

Kylian O, Drabik M, Polonskyi OCechvala J, Artemenko A, Gordeev |,
Choukourov A, Matolinova |, Slavinskéa D, Biederntaithin Solid Films19
6426

Choukourov A, Gordeev I, Polonskyi O, ArtemenkoHgnykova L, Krakovsky
I, Kylian O, Slavinska D, Biederman H 20BRtasma Process. Polyi 445

Choukourov A, Gordeev |, Arzhakov D, Artemenko Aguéal J, Kylidn O,
Slavinska D, Biederman H 20P2asma Process. Polyr 48

Siow K S, Britcher L, Kumar S, Griesser H J 2@@lasma Process. Polyr3
392

Meyer-Plath A A, Finke B, Schroder K, Ohl A 2088rf. Coat. Technol174 —
175877

Kral’ M, Ogino A, Nagatsu M 2008. Phys. D:Appl. Phy<l1 105213
Finke B, Schroder K, Ohl A 2008lasma Process. Polyra 386
Truica-Marasescu F, Wertheimer M R 20®@8&sma Process. Polyl44

Truica-Marasescu F, Girard-Lauriault P-L, Lippitz Bnger W E S ,Wertheimer
M R 2008Thin Solid Films$516 7406

36



[50]

[51]

[52]

[53]
[54]
[55]

[56]

[57]

[58]

[59]
[60]

[61]

[62]
[63]
[64]

[65]

[66]

[67]

Finke B, Hempel F, Testrich H, Artemenko a., Reblkiflian O, Meichsner J,
Biederman H, Nebe B, Weltmann K-D , Schroder K 2&1itf. Coat. Technol
205S520

Hollaender A, Thome J H 2004 ,Degradation and $tglof plasma polymers*
in Plasma Polymer Films Biederman (Editor), Imake@ollege Press, London

Ruiz J-C, St-Georges-Robillard A, Thérésy C, LemBg Wertheimer M R 2010
Plasma Process. Polym 737

Kobayashi H, Bell AT, Shen M 1978 Appl. Polymer Scil7 885
Kobayashi H, Shen M, Bell A T 1974 Macromol. SciA8 373
Northrop T G 1992Physica Scriptad5475

Fridman A A, Boufendi L, Hbid T, Potapkin B V, Bdumule A 1996J. Appl.
Phys.79 1303

Fortov V E, Ivlev A V, Khrapak S A, Khrapak A G, dvfill G E 2005Phys.
Reports4211

Boufendi L, Jouanny M C, Kovacevic E, Berndt J, Mian M 2011J. Phys. D:
Appl. Phys44 174035

Boufendi L, Bouchoule A 199Blasma Sources Sci. Techr®l|262
Buss R, Hareland W 19%asma Sources Sci. Techrn®k68

Feng J C, Huang W, Fu G D, Kang E-T, Neoh K-G 260&ma Process.
Polym2 127

Yang S H, Liu C-H, Hsu W-T, Chen H 20&rf. Coat. TechnoR031379
Takahashi K, Tachibana K 2001Vac. Sci. TechnoA19 2055
De Vriendt V, Maseri F, Nonet A, Lucas S 20@lasma Process. Polyré S6

De Vriendt V, Felten A, Blondeau J J-P, Maseri Fe&ux J J-J, Lucas S 2011
Surf. Coat. TechnoR05 S582

Berndt J, Kovaevi¢ E, Stefanow I, Stepanodd O, Hong S H, Boufendi L,
Winter J 200Contrib. Plasma Phy<l9 107

Haberland H, Karrais M, Mall M, Thurner Y 1992 Vac. Sci. TechnoA10
3266

37



[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]
[80]

[81]

[82]

Drabik M, Serov A, Kylidan O, Choukourov A, ArtememkA, Kousal J,
Polonskyi O, Biederman H 20 Blasma Process. Polyra 390

Baker G A, Moore D S 200Anal. Bioanal Chen3821751

Cialla D, Méarz A, Bohme R, Theil F, Weber K, Schimit, Popp J 2012Anal.
Bioanal Chen10327

Kdrner E, Aguirre M H, Fortunato G, Ritter A, Rulde Hegemann D 2010
Plasma Process. PolynY 619

Faupel F, Zaporojtchenko V, Strunskus T, Greve &kele H, Hanisch C, Sai V,
Chakravadhanula K, Gerber A, Quandt E, PodschunOB8 Polymers &
polymer Composites6 471

Faupel F, Zaporojtchenko V, Greve H, Schirmann hhkKtavadhanula V S K,
Hanisch C, Kulkarni A, Gerber A, Quandt E, PodscRuB007Contrib. Plasma
Phys.47 537

Tsougeni K, Vourdas N, Tserepi A, Gogolides E, Gadd C 2009Langmuir
2511748

Lejeune M, Lacroix L M, Brétagnol F, Valsesia A, I@@® P, Rossi F 2006
Langmuir22 3057

Teshima K, Sugimura H, Inoue Y, Takai O, TakanoO®2Appl. Surf. Sci244
619

Ruiz A, Valsesia A, Ceccone G, Gilliland D, ColppHbssi F 200Zangmuir23
12984

Weibel D E, Michels A F, Feil A F, Amaral L, TeixaiS R, Horowitz F 2010.
Phys. Chem. 01413219

Yeh K-Y, Chen L-J, Chang J-Y 20Q&ngmuir24 245
Baldacchini T, Carey J E, Zhou M, Mazur E 2Q@hgmuir22 4917

Tsougeni K, Tserepi A, Boulousis G, Constantoudis Gbgolides E 2007
Plasma Process. Polyml 398

Valsesia A, Colpo P, Manso Silvan M, Meziani T, Gate G, Rossi F 2004
Nano Letterst 1047

38



[83]

[84]

[85]

[86]

[87]

[88]

Sardella E, Lovascio S, Favia P, d’ Agostin®Rsma Process. Polym.S887

Palumbo F, Di Mundo R, Cappelluti D, d’ AgostinoZR11 Plasma Process.
Polym. 8 118

Drabik M, Choukourov A, Artemenko A, Kousal J, Pad@yi O, Sola P, Kylian
O, Matousek J, Pae%ia J, Matolinova I, Slavinska D, Biederman H 2@1dsma
Process. PolynB 640

Drabik M, Choukourov A, Artemenko A, Polonskyi Oylkan O, Kousal J,
Nichtova L, Cimrova V, Slavinska D, Biederman H 21 Phys. Chem. €15
20937

Kylian O, Vale$ V, Polonskyi O, Pe&ia J,Cechvala J, SotaP, Choukourov A,
Slavinska D, Biederman H 20Materials Letters/9 229

Polonskyi O, SolaP, Kylian O, Drabik M, Artemenko A, Kousal J, Hana,
Pestka J, Matolinova |, Kolibalova E, Slavinska D, Biestan H 2012Thin
Solid Films5204155

39



7. Seznam komentovanych publikaci

[OK1] Rossi F, Kylidn O and Hasiwa M 2006 Decontiaation of Surfaces by Low

[OK2]

[OK3]

[OK4]

[OK5]

[OK6]

[OK7]

[OKS8]

Pressure Plasma Dischardgdasma Processes and Polym8r431-42 (IF =
2,468).

Kylian O, Rauscher H, Gilliland D, Brétagneland Rossi F 2008 Removal of
model proteins by means of low-pressure inductieelypled plasma discharge
Journal of Physics D: Applied Physid$ 095201 (IF = 2,544).

Stapelmann K, Kylian O, Denis B and Rossi@8 On the application of
inductively coupled plasma discharges sustainéd /@, /N, ternary mixture
for sterilization and decontamination of medicatramentslournal of Physics
D: Applied Physicg1 192005 (IF = 2,544).

Kylidn O, Benedikt J, Sirghi L, Reuter R, Raher H, von Keudell A and Rossi
F 2009 Removal of Model Proteins Using Beams ofofsrgpns, Oxygen Atoms
and Molecules: Mimicking the Action of Low-Press#teéO, ICP Discharges
Plasma Processes and Polym6éra55—-61(IF = 2,468).

Rossi F, Kylian O, Rauscher H, Hasiwa M andiland D 2009 Low pressure
plasma discharges for the sterilization and decomation of surfaceslew
Journal of Physic41 115017 (IF = 4,177).

Kylidn O, Rauscher H, Denis B, Ceriotti L aRadssi F 2009 Elimination of
Homo-polypeptides of Amino Acids from Surfaces bgams of Low Pressure
Inductively Coupled Plasma Dischamglasma Processes and Polym6r848-
854 (IF = 2,468).

Fumagalli F, Hanus J, Kylian O and Rossi A20n situ Quartz Crystal
Microbalance Measurements of Thin Protein Film PlafkemovaPlasma
Processes and Polyme®9s188-96 (IF = 2,468).

Kylian O and Rossi F 2009 Sterilization aretdntamination of medical
instruments by low-pressure plasma dischargesicgpioin of Ar/O 2 /N 2
ternary mixtureJournal of Physics D: Applied Physié2 085207 (IF = 2,544).

[OK9]Kylian O, Hasiwa M and Rossi F 2006 Effeti@w-Pressure Microwave

Discharges on Pyrogen BioactivilyEE Transactions on Plasma Scierdzke
2606-10 (IF = 1,174).

40



[OK10] Kylian O, Hanu$ J, Choukourov A, KousaBJavinska D and Biederman H
2009 Deposition of amino-rich thin films by RF matyon sputtering of nylon
Journal of Physics D: Applied Physid& 142001 (IF = 2,544).

[OK11] Kylian O, Kousal J, Artemenko A, Choukourdy Petr M, Polonskyi O,
Slavinska D and Biederman H 2011 Deposition of aamioh coatings by RF
magnetron sputtering of Nylon: In-situ character@aof the deposition process
Surface and Coatings Technolag@5 S558-61 (IF = 2,193).

[OK12] Artemenko A, Kylian O, Kousal J, Choukoury Polonskyi O, Slavinska D
and Biederman H 2011 Deposition of amino-rich caggiby RF magnetron
sputtering of Nylon: Investigation of their propes related to biomedical
applicationsSurface and Coatings Technold25 S529-33 (IF = 2,193).

[OK13] Artemenko A Kylian O, Choukourov A, Gordegwetr M, Vandrovcova M,
Polonskyi O, Baakova L, Slavinska D and Biederman H 2012 Effect of
sterilization procedures on properties of plasmigimpers relevant to biomedical
applicationsThin Solid Films$5207115-24 (IF = 2,014).

[OK14] Rodriguez-Emmenegger C, Kylian O, HouskaBwnda E, Artemenko A,
Kousal J, Alles A B and Biederman H 2011 Substnatiependent approach for
the generation of functional protein resistantacgEBiomacromolecule?2
1058-66 (IF = 5,479).

[OK15] Polonskyi O, Kylian O, SofaP, Artemenko A, Kousal J, Slavinska D,
Choukourov A and Biederman 2012 Nylon-sputteredparticles: fabrication
and basic properties Phys. D: Appl. Phy€l5495301 (IF = 2,544).

[OK16]Kylian O, Polonskyi O, Kratochvil J, Artemenld, Choukourov A, Drabik M,
Sola P, Slavinska D and Biederman H 2012 Control of teity of Plasma
Polymers by Application of Ti Nano-ClustdPéasma Processes and Polym@rs
180-7 (IF = 2,468).

[OK17] Sola P, Kylian O, Polonskyi O, Artemenko A, Arzhakov Drabik M,
Slavinska D, Vandrovcova M, Bakova L and Biederman H 2012
Nanocomposite coatings of Ti/C:H plasma polymetiplas providing a surface
with variable nanoroughne&urface and Coatings Technolog96 4335-4342
(IF =2,193).

41



Feature Article

DOI: 10.1002/ppap.20060001 1

Plasma Processes

and Polymers

Summary: Non-equilibrium discharges in molecular gases
and their mixtures have been extensively studied due to their
applicability in different areas of surface treatment, cleaning
and functionalization. In this paper, the feasibility of the use
of low pressure discharges for sterilization and decontami-
nation, i.e., a topic that has attracted great attention recently,
is demonstrated and discussed using examples of bacterial
spore sterilization and depyrogenation of bacterial endotox-
ins, as well as the elimination of protein films.

Image of spores used for sterilization, showing heavy stacking.
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Introduction

The low temperature decontamination and sterilization of
surfaces has received great attention in recent years,
especially in the medical praxis or pharmaceutical indus-
tries, but also in the electronics industry or in space appli-
cations. Concerning medical praxis, recent statistics show
that nosocomial infections are responsible for several
thousand deaths each year in Europe and are responsible
for a huge number of post-surgical complications every
day. However, many of these infections could be avoided
by the use of adequate sterilization and decontamination
techniques ensuring complete inactivation or removal of all
possible infectious microorganisms (e.g., bacterial spores,
viruses, molds or yeasts) or other potentially harmful bio-
logical residuals (e.g., endotoxins, proteins) presented on
the used instruments, in particular in invasive surgery and
dental praxis.
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For medical devices and instruments, the principal
methods of sterilization, i.e., the inactivation of living micro-
organisms, are based on thermal treatment (dry or moist
heat), chemical treatment (e.g., EtO, H,O,) or exposure to
ionizing radiation (X-ray, gamma radiation, e-beams).
However, these conventional processes have specific draw-
backs linked to their conditions of operation, for instance to
the toxicity of the active agent used (chemical treatment), the
temperature conditions (thermal treatment), or the size of
installation (e-Beam or gamma sterilization).

Moreover, new demands are connected with the eli-
mination of various kinds of harmful biomolecules. These
non-living organic products cannot be deactivated by DNA
alterations, as in the case of living organisms such as bacteria
and spores, and therefore different approaches for their
destruction have to be used. This issue is particularly
important in the case of bacterial endotoxin and prion
elimination as will be shown in the subsequent text.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Bacterial endotoxins are an important class of fever-
causing substances, called pyrogens, which are most often
found on medical devices. Typical examples of endotoxins
are lipopolysaccharides (LPS) which constitute a major part
of the outer cell wall of Gram-negative bacteria. Their
presence on surfaces in recent years has become the object
of great interest, especially in biotechnology, the pharma-
ceutical industry and in medicinal product manufacturing.
This is mainly due to the fact that LPS have been found to be
one of the most potent modulators of the human immune
system.!") Their appearance in the bloodstream leads to the
release of several proinflammatory mediators which initiate
a complex cascade of clinically relevant events, which may
span from slight inflammatory symptoms like reddening,
swelling and fever to severe tissue damage."” Even more
drastic consequences may arise including sepsis, multiple
organ failure and death.”®! However, lipopolysaccharides
once present on a surface are hard to remove. This is due to
the fact that they are insensitive to pH changes and are
extraordinarily thermostable.™! For instance, depyrogena-
tion of vials in pharmaceutical industry is at present
performed in a heat tunnel at 200 or 250 °C for 60 and
30 min respectively.™! The major drawback of this appro-
ach is that the heating increases proportionally to the load
treated, instead of the surface, a fact which is very penali-
zing in energy consumption. The floor space occupied by
the installation is also important due to the large heating and
cooling zones necessary to avoid thermal shock. Finally, the
necessity of high temperature for the depyrogenation

imposes the use of glass instead of plastic vials with all
the disadvantages related to this.

Even more challenging is the destruction of protein
contamination, for instance prions (PrP), the transmission
agent of sever diseases classified as transmissible spongi-
form encephalopathies (e.g., Creutzfeld-Jacob Disease or
CJD). This is due to the fact that prions can successfully
resist traditional cleaning techniques (e.g., autoclaving,
ionizing radiation, EtO treatments'™). The only processes
validated for their inactivation at the moment are based on
steam autoclaving at 134 °C for 18 min, or treatment with
concentrated NaOH solution, and thus are again not
applicable to many medical devices.

This brief overview indicates that new methods of
sterilization and decontamination have still to be developed
and validated. According to the discussion above, the opti-
mal technique should fulfill several requirements:

Efficiency of treatment (low treatment duration at low
cost).

e Low temperature conditions enabling the treatment of
thermally sensitive materials.

Applicability to a wide range of materials and shapes.

e Avoidance of toxic reagents or by-products.

The objective of the present paper is to show that low
pressure plasma can fulfill these demands and to demon-
strate its applicability for the elimination of both micro-

Consumer Protection in Italy.

surfaces.
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organisms and biomolecules. However, it should be noted
that intention of this article is not only to give a summary of
the results that can be found in the literature, but rather to
demonstrate the possibilities of low pressure discharges
and the related sterilization strategies, as well as to open
questions regarding plasma-biomaterial interactions. The
article is divided into two main parts. First, the principles of
low pressure plasma treatment will be highlighted together
with a short review of the results presented in the literature.
In the second part, some important issues connected to
plasma-biomaterial treatment will be presented in relation
to the recent results of our studies.

Finally, it should be noted that atmospheric pressure
plasma treatment has recently been the object of an excel-
lent review,'®’ and will not be presented in detail here.

Principles of the Low Pressure
Plasma Based Method

Low pressure plasma sterilization has been the subject of
many general studies and reviews which have indicated
different potential mechanisms of its action.’~'*) The
approach followed was to use non-toxic gas mixtures (for
instance H,, O,, Ny, Ar, air etc.) producing reactive species
(such as O, OH) and UV radiation at different wavelengths
at relatively low temperatures. The operation is non-toxic,
safe and environmentally friendly and is also suitable for
the treatment of heat sensitive materials or instruments. By
adjusting the process conditions (reactor geometry, pres-
sure, power, frequency, flow and gas composition), several
mechanisms can be activated and operate alone or simul-
taneously, which leads to sterilization or decontamination
with different effects. Typically, these effects relate to the
production of UV of different wavelengths which interacts
with the DNA of the spores (e.g., Munakata et al.!'!), of
active radicals which react with the outer layer of the spores
and produce leakage and denaturation of protein and lipid
components, and of ion and/or electron bombardment
which sputters the contaminant material. All of these
mechanisms can be operative during the surface treatment
and lead to different sterilization/decontamination kinetics,
which explains the apparent contradictions in the published
results.

For clarity, the effect of plasma on bacterial spores,
endotoxins and proteins will be presented separately below.

Bacterial Spore Sterilization

The idea to employ non-equilibrium plasmas for bacterial
spores sterilization is relatively old"® and extensive litera-
ture has been devoted to this topic (see for instance
comprehensive reviews by Lerouge et al.'® and Moisan
et al.'""). Concerning the mechanisms of sterilization,
several processes have been proposed:

e Destruction of spores’ induced by UV/VUV radiation
which, as already mentioned, is well known to have a
sporicidial effect due to its ability to alter the genetic
material of spores.!'> This mechanisms of sterilization has
been emphasized by several groups under several dis-
charge configurations ranging from microwave flowing
afterglow (e.g., Moisan et al.''! and Moreau et al.!'")),
direct microwave discharge (e.g., Feichtinger et al.'')) to
glow discharge (e.g., Sholoshenko et al."'™"). In contrast,
UVemission was found to have little contribution to steri-
lization in atmospheric pressure plasma discharges, the
radicals playing the major role under the different
conditions tested.!®202"]

e Destruction of spores caused by their etching by active
particles. This mechanism has been identified as the
dominant one for spore destruction, for example by
Lerouge et al.™ (radio frequency and microwave direct
glow discharges) and Nagatsu et al.*?! (surface-wave
microwave discharge). According to these authors, the
sporicidial action of the plasma is not greatly affected by
UV/VUV radiation.

e The degradation of spore walls has been attributed to a
synergetic effect of photo and ion assisted etching by
oxygen atoms and maybe O,* molecules in low pressure
oxygen inductively coupled RF discharge by Mogul
et al.""* and Bol’shakov et al.""*! The UV contribution to
the effect was however not quantified.

e Significant membrane destruction has also been evi-
denced in the case of atmospheric pressure plasma
discharge by Montie et al.,'** Laroussi et al.”* and
Mendis et al.'*>! The 2 latter articles suggested that cell
wall rupture could be caused by electrostatic forces due
to accumulation of charges at the outer surface of cell
membranes. Although this effect could also be operative
at low pressure, it has not been clearly demonstrated and
needs more investigation.

From this brief summary, it is clear that different
mechanisms can lead to spore destruction and that the
conditions of the process used play a major role depending
on the mechanisms predominant in the conditions tested.
This leads to large differences in the kinetics observed
between the different groups. For instance, the time needed
for a 6 Log reduction reported by the different authors
varied between 1 s in the discharge!"®! to typically 30 min to
1 h in the flowing afterglow.!'* The differences observed
can of course be attributed to the difference of fluxes of the
reactive species and the geometries of reactors.

Moreover, the survival curves of spores vary between the
authors, some finding a 2 or 3 phase destruction, while others
found only 2. For instance, in their study Moisan et al.''!]
found that the variation of colony forming units (CFU) of
Bacillus subtilis with time in a low pressure N»/O, micro-
wave discharge presented 3 phase kinetics. The first phase
(and fastest) was related to the interaction of top layer spores
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with UV radiation. The second phase was the slowest and
was attributed to the erosion by atomic oxygen of dead spores
and debris remaining after the 1st phase. The 3rd phase,
which had kinetics similar to phase 1, was attributed to the
interaction of the buried spores with UV after the removal of
the masking material in phase 2. It is important to stress that
the 2nd phase, the duration of which is related to the time
needed for the removal of material shielding spore genetic
material from the direct UV/VUYV action, is dependent on
the quantity and the nature of the shielding material. This
point illustrates the role of the spores’ distribution in the
interpretation of results, the kinetics observed for complete
sterilization being different depending on the contamination
layer (monolayer or stacked spores). This will be further
illustrated in the Experimental Part of this work.

Depyrogenation

Compared to the case of bacterial spore sterilization, endo-
toxin depyrogenation by means of gas discharges is a
relatively new topic. Although the possibility of employing
non-equilibrium plasmas for pyrogens elimination had
been proposed by Peeples et al.*® and Lerouge et al.,”!
there was, until recently, very little work published on this
subject and the only paper demonstrating the experimental
feasibility of plasma technology for LPS depyrogenation
was published recently by our group.*”? According to the
obtained results, the following conclusions were stated:

e Low pressure microwave discharge is capable of decreas-
ing significantly the pyrogenicity of LPS within several
minutes of plasma treatment.

e The efficiency of LPS deactivation depends on the gas
mixture used. From this point of view, the most potent
mixtures are hydrogen containing ones (H,/O,, Hy/Ar
and H2/N 2).

e The observed decrease in LPS bioactivity is predom-
inately caused by plasma-LPS interaction. In other
words, it has been demonstrated that under the conditions
tested, LPS bioactivity was not greatly affected by other
possible mechanisms such as increased temperature,
microwave radiation or low pressure conditions, at least
within the treatment time.

Although the results obtained are promising, important
issues still remain that have to be investigated, such as
the possibility of removing LPS derived from different
bacterial strains or the identification of the mechanism of
plasma LPS deactivation. In order to obtain a better idea of
the answer to these questions, new sets of experiments have
been performed. The results obtained will be presented and
discussed in the Experimental Part of this paper.

Protein and Prion Removal

The removal of protein residues from surgical instruments has
been studied by Whittaker et al.”*® Those results showed that

the surgical instruments were still contaminated by protein
residues after the typical decontamination and sterilization
procedure applied in hospitals. Those residues identified by
EDX and SEM were strongly adherent on metallic surfaces
but could be removed by an RF Ar/O, plasma discharge.
More specifically, Baxter et al.”* have shown that elimina-
tion of PrP was possible with a capacitively coupled Ar/O, RF
plasma. In that particular case, ion bombardment was
excluded due to the electrode configuration which did not
create a bias. The interaction of plasma with Bovine Serum
Albumin (BSA) and Soybean Lipoxygenase (SLO) was also
studied by Mogul et al.,'* with an O, inductive RF plasma. It
was found that an increase in the discharge power resulted in a
non-linear decrease of BSA and the enzymatic activity of
SLO.

However, no systematic study of plasma-protein inter-
actions is available in the literature. In order to find out
which gas mixture is the most efficient, a systematic study
of protein removal rate was done for collagen films and
brain homogenate as model proteins. The results will be
presented in the subsequent text.

Experimental Part
Sterilization of Bacterial Spores
Experimental Setup

The experimental setup for the sterilization studies was a self-
made double inductively coupled plasma source.*” This ICP
plasma source consisted of two oppositely faced RF coils
placed against the 2 dielectric windows of the processing
chamber. The coils were connected in parallel to the power
supply, and the connection was made to generate a magnetic
flux perpendicular to the substrate in the entire space between
the coils. This results in the creation of an electric field in the
whole substrate volume and enables a uniform plasma treat-
ment, even in small diameter tubes or cavities.

The discharge chamber was evacuated by a primary pump and
was connected to an inlet system composed of four mass flow
controllers (maximum flow 10 sccm) connected to the gas lines
(O,, Hy, N; and Ar). The background pressure that could be
reached in this configuration was 0.5 Pa. Bacterial samples to be
sterilized were inserted into the discharge chamber by means of
the load lock mounted on the chamber. In all the experiments
described below, the treatment was done in pulsed mode to ensure
that the temperature of the samples did not increase beyond 60 °C.

Optical Emission Spectroscopy (OES) was performed with
an Avantes AVS-PC2000 monochromator equipped with a
2 048 element linear CCD array to identify the different species
present in the discharge and to evaluate the UV emission. In that
case, UV intensity was measured by calculating the integral of
the OES peaks between 200 and 300 nm.

Biological Tests

The sterilization tests were performed using stainless steel
coupons covered with G. stearothermophilus spores, a sterility

Plasma Process. Polym. 2006, 3, 431-442

45

www.plasma-polymers.org

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Decontamination of Surfaces by Low Pressure Plasma Discharges

Plasma Processes

and Polymers

435

Figure 1.
stacking.

Image of spores used for sterilization, showing heavy

indicator produced by Raven Biological, USA, with a declared
number of spores of 2.5 x 10°. The spores were not dispersed in
amonolayer but were stacked, in order to be representative of a
real contamination situation (see Figure 1). The samples were
treated at different plasma conditions and for different treat-
ment times. Afterwards, the treated coupons were placed into
the culture media and incubated for 7 d at 60°C, i.e., a
temperature allowing the growth of the tested spores on the one
hand and high enough to reduce the likelihood of any other
contaminant growing on the other. The samples were thereafter
declared sterile if no positive growth of spore colonies was
observed. For each experiment, 5 to 10 samples were treated
and cultured, giving a sterilization probability in the tested
conditions.

It must be stressed that this procedure did not give the kine-
tics of the decrease of colony forming units as a function of
time but a probability that the initial spore population was
completely inactivated. It thus gives an idea of the global
efficiency of the process, but does not allow detailed investi-
gation of the different processes contributing to the steriliza-
tion mechanisms. However, it is more relevant to a real
application situation requiring complete sterility only.

Besides biological tests, the morphology of the treated
spores was examined by scanning electron microscopy (SEM)
using a LEO 435VP microscope. Microscopic observations
were preceded by the deposition of a thin gold layer on the
samples.

Depyrogenation and Protein Removal Studies
Experimental Setup

A different experimental setup was used for the depyrogena-
tion, as well as for the protein removal studies. It was based on a
microwave discharge and consisted of a stainless steel chamber
(a cylinder 200 mm in diameter and 380 mm in length) with
several windows for in situ diagnostics. The plasma was
excited in the 13.3 to 133 Pa pressure range by a microwave
power supply working at 2.45 GHz. Microwaves were intro-
duced into the chamber through a silica window placed at the
extremity of a circular 100 mm waveguide. The microwave

circuit included the microwave supply (2 kW), a circulator, a
three-stub impedance matching system and a rectangular-
circular wave-guide transition. The chamber was pumped by a
primary pump and a roots blower allowing a base vacuum of
0.3 Pa. The gas flows were controlled by mass flow controllers
connected to gas lines (O,, Hp, N, and Ar). More details are
given in our previous article.*'! Tt should be noted that in all
reported experiments, the temperature inside the processing
chamber measured by means of IR pyrometry never went
beyond 60 °C, and thus was much lower than the temperature
necessary for a thermal decrease of pyrogen bioactivity."!

Endotoxin Detection

The routinely performed test for the estimation of the LPS
content on a solid surface consists of extensive washing of the
surface with pyrogen-free water and measuring the pyrogenic
content of the solution using the rabbit pyrogen test (detection
of the body temperature increase of the animal after injection)
or with the Limulus Amebocyte Lysate Assay (LAL test). We
instead used the human whole blood incubation developed at
JRC and the University of Konstanz.***! The test uses
immune defense mechanisms based on cytokine release (e.g.,
IL-1/, TNF-o), from monocytes and macrophages from human
blood in contact with the foreign surface to be tested. By adding
LPS or their biological active part (Lipid A) to human whole
blood and measuring the cytokines released by an enzyme-
linked immuno-sorbent assay (ELISA), we were able to simu-
late the human fever reaction to immune-stimulating principles
in vitro. The detection limit is much lower than the rabbit or
LAL test and can be performed directly on the surface detect-
ing the whole pyrogen amount,'™ i.e., the soluble and sticky
parts, in contrast to the classical methods which work by the
elution of the soluble part and therefore do not taking into
account the whole immune stimulating capacity of the conta-
minated surface.

In the experiments reported below, the bioactivity of both
LPS and Lipid A after treatment was detected by a specific IL-
1 ELISA (antibodies obtained from R&D, Wiesbaden,
Germany). The use of Lipid A was dictated by the fact that
its structure is well known and allows analysis of the chemical
modification of the surface in relation to its biological activity.

Sample Preparation

The samples to be depyrogenated were plastic 24 well cell
culture plates (Greiner Bio-One, Frickenhausen, Germany)
covered with 100 pl of LPS from Escherichia coli0111:B4 and
K-235, LPS from Salmonella abortus equi (Sigma Aldrich,
Deisendorf, Germany) as well as Lipid A (Sigma Aldrich,
Deisendorf, Germany) diluted in pyrogen-free water having
different initial LPS or Lipid A concentrations ranging from
0.01 ng-ml~" to 10 ng - ml~'. The well plates were allowed to
dry overnight and then introduced into the plasma chamber and
exposed to different gas mixture plasmas.

In a different set of experiments, the mass loss of Lipid A
during its plasma treatment was studied. In this case, 10 pl of
Lipid A water solution (0.1 mg - ml~") were deposited on a gold
coated quartz crystal and dried. The quartz crystal was placed
in a quartz crystal microbalance (Leybold, Germany) in the
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microwave chamber described above and treated in different
gas mixtures in the near post discharge.

Protein Removal Tests

Brain homogenate was obtained by placing the cerebral cortex
of 7 d old rats (OFA/SPF strain) in PBS (phosphate buffered
saline, pH 7.2, Gibco, Milano Italy), homogenating them in a
mechanical mixer and storing them until use in 1 ml aliquots at
—80°C. Protein films from collagen (Sigma Aldrich, Ger-
many) and brain homogenate prepared as indicated above were
deposited from a distilled water solution on a quartz crystal
covered with a gold film. 5 pl of solution (I mg-ml™") were
pipetted onto each of the coupons and allowed to dry in air.
Afterwards the etching of protein films was monitored as in the
case of Lipid A.

Results
Sterilization of Bacterial Spores

According to the introduction, two principal sterilization
agents have been proposed for low pressure conditions —
UV/VUYV radiation and etching of the treated spores by
active particles. In order to determine the factual impor-
tance of both of them, sterilization tests were performed in
different O,/N, mixtures ranging from the discharge in pure
nitrogen to a pure oxygen one.** This mixture was selected
since, by varying the O,/N, ratio, it is easily possible to
adjust both the UV radiation intensity in the spectral range
found to be the most effective for killing spores (200—
300 nm!'”") and the density of atomic oxygen responsible
for the etching of spores. This allows the evaluation of their
contributions during the sterilization process.

Comparing the sterilization results obtained with the UV
radiation intensity and O atom density, it was found that the
best sterilization results were achieved in mixtures with
higher amounts of atomic oxygen, (complete sterilization
was obtained in the mixture 95% O,:5% N, within 5 min),
as is shown in Figure 2. In contrast, under our experimental
conditions, the mixtures producing the highest UV emission
gave a low sterilization probability for the treatment dura-
tion. This indicates the significance of etching for reaching
complete sterility.

In order to verify the role of etching during the sterilization
tests, systematic SEM analysis of treated spores was per-
formed. It was found, as demonstrated in Figure 3, that
significant changes in the dimensions of spores were observed
after the plasma treatment in discharges with higher amounts
of atomic oxygen. In contrast, almost no variation in spore
size was observed in mixtures with a low O atom concen-
tration and a high intensity of UV radiation for the same
treatment time.

Concerning the time evolution of spore erosion, it was
found that a significant spore size reduction occurred after
5 min of plasma treatment in O, containing discharges, as is
demonstrated in Figure 4. This time corresponded to the
time when complete sterility of samples has been achieved
according to the biological tests. In contrast, almost no size
reduction was observed within 10 min in an N, discharge.

The comparison between SEM observations and bio-
logical results confirms that, under the experimental condi-
tions used in this study, the process determining the time to
reach complete spore inactivation was etching rather than
UV action on the genetic material of spores, i.e., results in
contradiction with a large part of the results published in the
literature (e.g., ref., " ref.!! l]).
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Figure 2. Comparison of UV radiation intensity, O atom density and sterilization tests
in O,/N, mixtures (treatment time 10 min, power 500 W, 20% DC, 5 ms time on, 13.3 Pa,
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Figure 3.
lengths: (A) pure N, (B) O,/N; 20:80; (C) pure O, (treatment time 10 min, power 500 W, 20%
DC, 5 ms time on, 13.3 Pa, 10 sccm).

Depyrogenation

As mentioned above, the depyrogenation of bacterial
endotoxins by means of plasma is a new topic. Therefore it
is first essential to demonstrate its applicability, as well as to
estimate the time scale of plasma treatment necessary for
LPS elimination. Taking in to account the conclusions of our
previous work,'*”! we focused on the hydrogen containing
mixtures that were found to produce the most potent condi-
tions for depyrogenation.

Firstly, the results of experiments performed in the
microwave plasma reactor with an O,/H, (50:50) mixture
are reported in Figure 5, which shows the reduction of the
biological activity expressed in terms of IL-1f release as a
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SEM pictures of treated spores in different gas mixtures and estimation of their

function of the treatment duration. According to these
results, it can be concluded that a significant reduction of the
LPS bioactivity, around 2 orders of magnitude, can be
reached within 5 min of plasma treatment.

Other important results are related to the comparison of
the plasma treatment effect on bioactivities of different LPS
and Lipid A. The results are depicted in Figure 6 and
demonstrate that plasma is able to sufficiently decrease the
biological activity of all of them. Nevertheless, it can be
seen that the rates of LPS depyrogenation vary depending
on the LPS type, which can probably be attributed to dif-
ferences in their composition and structure. Moreover, the
same depyrogenation effect was qualitatively observed for
Lipid A samples.
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Figure 4.
reduction after plasma treatment (power 500 W, 20% DC, 5 ms time on, 13.3 Pa, 10 sccm).

Furthermore, it was found that the efficiency of depyro-
genation of LPS and Lipid A was significantly accelerated
by the enhancement of hydrogen content in the plasma gas
mixture, as shown in Figure 7 and 8 for mixtures of Ar/H,
and 02/H2.

In order to have a better insight in the mechanisms
responsible for depyrogenation, further experiments were
done focusing on Lipid A etching in Ar/H, and O,/H,, i.e., in
the mixtures that gave almost the same depyrogenation
efficiencies (Figure 8). Surprisingly, completely different
etching results were observed for these two mixtures, as can
be seen in Figure 9. It has been found that the etching rate of
the O,/H, mixtures increased strongly beyond 30% of H, in
the discharge whereas the etching rate stayed low in all the
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Figure 5. Time evolution of bioactivity of LPS after plasma

treatment (E. Coli O111:B4, applied power 1 000 W, 13.3 Pa,
100 sccm, O»/H, 50:50).
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(A) SEM images of spores treated for different times; (B) Time evolution of spore length

tested Ar/H, mixtures. Theses tendencies and their com-
parison with the bioactivity of the surface are particularly
interesting since they demonstrate that depyrogenation by
plasma can be explained either by etching (in the case of the
O,/H, mixture) or by deactivation of the chemical groups
responsible for the pyrogenic effect (in the case of Ar/H,)
without the need to physically remove the deposit. According
to preliminary results obtained by FT-IR spectroscopy on the
treated samples, this latter effect can possibly be attributed to
the reduction of long carbon chains in the Lipid A structure,
namely pentaacyl, tetraacyl and hexaacyl chains. These
chains all have a particular contribution to the biological
effect, as demonstrated by Erridge et al.*! Verification of
this hypothesis is a subject of ongoing studies.
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Figure 6. Time evolution of bioactivity reduction of different
kinds of LPS and Lipid A (deposited 0.1 ng, applied power
1000 W, 13.3 Pa, 100 sccm, O»/H, 50:50).
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(deposited 0.1 ng of E. Coli O111:B4 LPS, applied power 1 000 W,
13.3 Pa, 100 sccm).

Protein Removal

The efficiency of protein removal by plasma discharge was
studied using the same gas mixtures found to be effective
for depyrogenation.

Figure 10 shows the time evolution of a collagen films
thickness (normalized to its initial value) treated in different
plasma gas mixtures under the same operational conditions.
It can be seen that initially the thickness of treated films
decreased linearly with time, and that the etching rate
observed varied strongly with the gas used, the highest
values being obtained for O,/H, (50:50) mixture. For these
conditions, the removal rate was nearly 5 times higher than
the one obtained with the other discharges tested. It can also
be seen that the removal rate of the collagen for O,/H,
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Figure 8. Lipid A deactivation in Ar/H, and O,/H, gas mixtures
(deposited 0.1 ng Lipid A, applied power 1 000 W, 13.3 Pa, 100
sccm).

(applied power 1000 W, 13.3 Pa, 100 sccm).

initially varied linearly with time, followed by a slowing of
the removal rate, probably owing to the consumption of the
treated films leading to a change of surface composition
related to the removal of volatile compounds.

Similar results have been obtained also for brain homo-
genate films, as demonstrated in Figure 11. Also in this case,
significantly faster removal was observed with an O,/H,
mixture compared to other discharges.

Discussion
Plasma Sterilization

Comparison of the sterilization results with analysis of the
gas phase by optical emission spectroscopy (Figure 2) and
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Figure 10. Collagen film etching (16 Pa, 100 sccm, applied
power 500 W; 1000 W in the case of treatment in pure Ar).
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Figure 11. Etching of brain homogenate (16 Pa, 100 sccm, g P P s

applied power 500 W; 1 000 W in the case of treatment in pure Ar).

with the SEM study of treated and untreated samples
(Figure 3 and Figure 4) led to the conclusion that, under the
experimental conditions employed, the total sterilization
efficiency was controlled by the etching and erosion of the
spores and not by UV radiation. As underlined above, this is
in contradiction with several recent studies.”"'")

To explain these contrasting findings, we propose a
simplified kinetics model, where it is assumed that there are
two kinds of spores with given initial quantities, which are
subjected to two different actions from the plasma discharge.
The first group of spores has genetic material that can be
directly reached and destroyed by the UV radiation. The
second type of spores represent spores shielded from UV
radiation either by other spores or by some residuals (e.g.,
cell debris). In order to enable UV radiation to destroy DNA
of these buried spores, it is necessary to remove the shielding
material by etching, in other words to transform shielded
spores into unshielded ones. If the first group of spores are
denoted as S; and the second group as S, the following
equations governing sterilization kinetics can be written:

ds,] _
5=k UV IStk (X [S)] (1)
d[Ss]
= k(X [s] (2)

where UV is the intensity of UV radiation emitted by the
plasma, [X] is the amount of etching agent and k, and k, are
the rate constants of UV radiation killing of spores and the
removal of shielding material, respectively.

Although the proposed schema is very simplified, for
example, it is considered that shielded material can be
completely removed which need not always be true, it
qualitatively describes the trend of the experimental results.
As can be seen in Figure 12, the sterilization probability

experimental probability to obtain complete sterilization after
10 min of plasma treatment in O,/N, mixtures (ICP plasma source,
500 W, 20% DC, time-on 5 ms, 10 sccm, 13.3 Pa, 10 min).

estimated on the basis of experiments (left scale) as well as
the log reduction of the spore population predicted by the
model after 10 min (right scale) of plasma treatment follows
the same trend, i.e., faster sterilization is achieved with a
higher amount of oxygen in the initial discharge mixture.
Moreover, depending on the mixture composition, three
regions can be distinguished:

e The region between pure nitrogen discharge and discharge
with 40% of oxygen, in which complete sterilization is
never reached after 10 min of the treatment.

e The region between 40% and 70% of oxygen, where
complete sterilization is only reached for the lowest level of
spores overlapping, (i.e., some samples are completely
sterile after 10 min of treatment and some are not,
depending on the initial spore distribution). This corre-
sponds to the experimental results, since for 50% of oxygen,
a 50% probability of obtaining full sterility was estimated.

e More than 70% of the oxygen in the mixture finally
assured complete sterility after 10 min for all of the
samples, as was observed experimentally, due to the fast
etching of the spores, as illustrated by the SEM pictures.

To conclude, although the UV/VUYV radiation is the only
mechanism in the proposed model leading directly to the
spores’ death (in agreement with the conclusions of several
authors! 12191 ‘the sterilization efficiency depends essen-
tially on the stacking of the spores and is governed mainly
by the efficiency of the shielding material removal. On
the other hand, in the case of a monolayer, the etching is
not needed and therefore the time to reach complete sterility
is given by the UV radiation intensity. The suggested
schema, although very simplified, allows resolution of
the apparent contradiction between the results reported in
the literature.
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Depyrogenation

Our results clearly show that reduction of the biological
response via cytokine release (i.e., depyrogenation) can be
obtained at temperatures lower than 60 °C for durations
which depend on the type of pyrogen and the level of
contamination. These results must be compared to the
thermal treatment commonly used for depyrogenation. For
instance, a similar decontamination using dry heat would be
obtained at 170°C after 100 min"*® or at 200°C after
20 min,"™ which must be compared to the maximum tem-
perature of 60 °C and a plasma treatment duration of 5 min.
This clearly demonstrates why plasma discharge for the
treatment of temperature sensitive materials is of interest.

However, we observed depyrogenation kinetics with
2 phases, a fast one in the first minutes, followed by a slower
one. Preliminary sets of experiments focused on the surface
analysis of the deposit at different treatment times showed
that this effect is most likely related to the heterogeneous
reaction rates of different components of Lipid A.

We also showed that 2 mechanisms can be operating for
depyrogenation: etching or deactivation. An interesting
perspective thus exists where the 2 mechanisms are applied
simultaneously or sequentially to reduce the quantity of
contamination material without having an adverse effect on
the substrate structure.

Another important point refers to the legislation which
imposes a 3 Log reduction for validation of a depyrogena-
tion process. We have not tested the process under condi-
tions which allow a 3 Log reduction of the initial surface
activity, mostly due to the fact that after 5 min, we almost
reached the detection limit of the test for the lowest initial
LPS content, but we do not see any reason not to reach such
a value. Extrapolation of our results led to a 3 Log reduction
being obtained after 30 to 50 min depending on the nature of
the pyrogen tested, which is still much lower than the results
obtained from a thermal treatment. This is related of course
to the slowing of the removal kinetics, as mentioned above.

Protein Removal

Both collagen and brain homogenate films followed a linear
decrease of their thickness as a function of time for the
different plasma compositions tested, apart from longer
treatment times in the O,/H, mixture, for which slowing
of etching kinetics occurred. As in the case of Lipid A
removal, the O,/H, gas mixture led to a major removal
efficiency of the tested protein films, almost 5 times larger
than in pure Ar and O, plasma respectively. The appearance
of the observed 1 or 2 phase behavior was not completely
understood until now. One possible explanation is that the
high removal rate is connected with the fast removal of
reactive compounds in the first phase, e.g., by its oxidation
and volatilization, followed by much slower kinetics as the
residues are enriched in the non-volatile compounds such as

Na.*”! Further investigations are being carried out to exa-
mine this point. Our results demonstrate that plasma can
be used efficiently to decontaminate surfaces of protein
residues, opening new perspectives in the field of prion
decontamination.

Conclusion

The applicability of low pressure plasma treatment for the
sterilization of bacterial spores, for the reduction of the
biological activity of bacterial endotoxins and the removal
of proteins has been demonstrated.

For sterilization, the apparent discrepancy between our
results and some results in the literature has been explained
by the role of spore stacking. To demonstrate this effect, a
simple theoretical model of sterilization has been proposed.
According to the performed calculations, it was found that
the main feature that governed sterilization efficiency was
the presence of material shielding spores from direct UV/
VUV radiation and the efficiency of its removal. The
practical consequences of our results could be particularly
important since, in a real situation, the spores are stacked
and so an efficient process must rely on etching and not only
on UV sterilization. Moreover these findings reveal the
need for further investigation of the mechanisms of spore
erosion and etching, e.g., in the O,/H, mixture that was
found to be most potent in etching both Lipid A and protein
films.

In the case of depyrogenation, it was demonstrated that
low temperature discharge can significantly inactivate dif-
ferent kinds of LPS as well as Lipid A within several minutes
of plasma treatment. It was found that 2 mechanisms can
possibly be used, either for the removal of the pyrogenic
contamination by etching, the O,/H, plasma being the most
efficient in this case, or by a chemical reaction of the Lipid A
with hydrogen radicals in the case of H, containing dis-
charges. This kind of mechanism might be particularly
interesting for a deactivation process without damaging the
underlying substrate. However, the application of surface
analysis methods is crucial in order to find out the mechanism
behind the deactivation of pyrogens, as well as to check the
possible influence of plasma on the substrates during their
treatment. This topic is the subject of ongoing studies.

Finally, we demonstrated the removal of protein films,
namely collagen and brain homogenate, at low temperature
in typical durations of a few tens of minutes. The most
efficient gas mixture for protein film removal was O»/H,, as
in the case of Lipid A. A 1 or 2 phase mechanism was
observed depending on the case, and this phenomenon has
still to be confirmed. Further experiments are ongoing for
the analysis of the chemical mechanisms operating during
etching and/or de-activation.

Nevertheless, these results also give us good reason to
think that the removal and/or deactivation of PrP on sur-
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faces is possible without damaging the substrates treated.
The initial results that have been obtained with brain homo-
genate are encouraging and demonstrate that the etching
kinetics can be quite high with O, containing plasma. This
has to be compared to the positive results obtained by
Baxter et al.**! on the removal of infectivity from PrP
contaminated samples observed with Ar/O, plasma. It must
be point out that O,/H, plasma gives significantly higher
removal kinetics that O, plasma for our model proteins.

The results presented confirm that a plasma discharge can
be operated efficiently to sterilize and decontaminate
surfaces from biological products. This must be empha-
sized, though a trade-off still has to be found during the
plasma decontamination or sterilization treatment between
the etching/removal of biological contamination and
damaging the substrate (polymers). For this, a multi-step
process could be necessary to find selectivity between
biological material and substrate composition, and since
more generally the optimum conditions are different for
sterilization and decontamination.
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Abstract

Surgical instruments are intended to come into direct contact with the patients’ tissues and thus
interact with their first immune defence system. Therefore they have to be cleaned, sterilized
and decontaminated, in order to prevent any kind of infections and inflammations or to exclude

the possibility of transmission of diseases. From this perspective, the removal of protein
residues from their surfaces constitutes new challenges, since certain proteins exhibit high
resistance to commonly used sterilization and decontamination techniques and hence are
difficult to remove without inducing major damages to the object treated. Therefore new
approaches must be developed for that purpose and the application of non-equilibrium plasma
discharges represents an interesting option. The possibility to effectively remove model
proteins (bovine serum albumin, lysozyme and ubiquitin) from surfaces of different materials
(Si wafer, glass, polystyrene and gold) by means of inductively coupled plasma discharges
sustained in different argon containing mixtures is demonstrated and discussed in this paper.

1. Introduction

The idea to utilize non-equilibrium discharges for sterilization
of surfaces of medical instruments was first reported in 1968
[1]. Since then, the popularity of this method substantially
increased because of its advantageous and unique features.
Compared with the traditionally employed sterilization
techniques, such as thermal treatment, chemical treatment
or application of ionizing radiation, the non-equilibrium
plasma discharges can be operated at low temperatures, using
non-toxic substances and having no or modest influence on the
integrity and properties of the sterilized objects themselves,
while maintaining a high treatment efficiency. According
to the extensive studies published in the literature, the high
sterilization potency of plasma discharges is connected to
the emission of energetic UV photons (e.g. [2-7]) that are
capable of causing lesions on the spores’ genetic material, or
by chemically active species produced in the plasma phase that
damage spore walls by etching (e.g. [8—13]) or by chemical
sputtering [14].
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Moreover, plasma discharges have recently been found
to act not only as potent microbiocidal agents but also as an
effective tool for the depyrogenation of bacterial endotoxins
[12, 15, 16] or for the destruction of prions (the infectious
proteins capable of causing severe neurodegenerative diseases
classified as transmissible spongiform encephalopathies) [17].
In particular, the latter is of significant interest since prions are
exceptionally resistant to both physical and chemical treatment
[18]. As a consequence of this, a large number of surgical
instruments were found to exhibit a high degree of protein
soiling after their routine decontamination in sterile services
(e.g. [19,20]). High risks associated with the presence of
infectious proteins together with the impossibility of removing
them by currently used hospital decontamination techniques
lead to disposal of many surgical instruments after single
use, which in turn represents an enormous burden for the
public health budget. Thus the possibility of applying plasma
discharges for the removal of proteins from the surfaces of
surgical instruments gained increased attention in the past
years, since these processes have the potential of answering the
needs of health services analogously to the cases of bacterial
spores or endotoxins.

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. Experimental set-up.

Indeed, the possibility of removing various model proteins
from surfaces by means of plasma discharges sustained either
at reduced pressures or at atmospheric pressure has been
recently demonstrated by several groups employing different
methods for the evaluation of treatment efficiency. They
range from biological assays [21,22], electrophoresis [21,23],
application of fluorescently labelled proteins [24], imaging
ellipsometry [25], surface diagnostic methods [26-28] to
applications of surface plasmon resonance (SPR) [22] or
quartz crystal microbalance (QCM) [12] used for on-line
monitoring of protein removal. Nevertheless, the applicability
of these methods is limited, particularly for the determination
of etching rates of proteins under different experimental
conditions; this determination, however, represents a crucial
step both for the identification of the main processes leading
to protein elimination and for optimization of the treatment.
For example, in the case of fluorescently labelled proteins, the
intense radiation emitted by plasma discharges can destroy the
fluorescent dye, leading to an overestimation of the protein
removal rates. Surface analytical methods, such as x-ray
photoelectron spectroscopy (XPS) or time-of-flight secondary
ion mass spectroscopy (ToF-SIMS), can give an important
insight into the nature of the changes of the chemical structure
of proteins induced by an applied plasma discharge, but due
to their relative high surface sensitivity, which is typically in
the range of 10 nm and 2 nm, respectively, they are not suitable
for the monitoring of protein removal when the height of the
initial protein coating is in the order of micrometres. Biological
assays are on one hand a direct method for the evaluation of
the decrease in biological activity of treated proteins, but this
method is highly protein specific and thus lacks universality.
Electrophoresis is a useful method for the demonstration of
fragmentation of proteins exposed to the plasma discharges,
but it is difficult to obtain quantitative results. Finally, SPR
and QCM can be used for on-line observation of the kinetics
of protein removal, but the applicability of these methods is
limited to a narrow spectrum of substrate materials; typically
gold is used for that purpose.

In order to overcome these limitations, a new approach
based on stylus profilometry is employed in this study. It

allows direct evaluation of etching rates of different proteins
independently on the substrate material as discussed in this

paper.
2. Experimental

The samples were prepared by spotting an aqueous solution
(ranging from 10 to 0.1 mgml~' of protein content) of
different model proteins (bovine serum albumin, lysozyme
and ubiquitin) on polished Si wafers, microscopic glass slides,
gold and polystyrene plates. After the deposition, the samples
were dried overnight in a common flow hood in order to
mimic the most difficult situation for the removal of proteins
[29]. Subsequently, the samples were plasma treated using a
planar double coil inductively coupled plasma source (ICP)
schematically depicted in figure 1. This plasma reactor allows
igniting plasma discharges with a power between 100 and
500 W, in a pressure range from 0.1 to 20Pa and gas flows
from 1 to 50sccm. The processing chamber has a volume
of approximately 5L and is evacuated by a primary and
turbomolecular pump. It is fed by a gas mixture controlled
by MKS mass flow controllers.

In order to enable the comparison with the previously
reported results regarding sterilization of bacterial spores [30]
the experiments were performed employing pure argon and
its mixtures (20sccm: 1 sccm) with hydrogen, nitrogen and
oxygen at a pressure of 10Pa and an applied RF power of
200 W. To keep the treatment conditions (i.e. power density
and gas residence time) as close as possible to the ones given
by Halfmann er al [30] the applied power and mass flows
were lowered by a factor of 5 as compared to the values given
in [30], corresponding to the volume ratios of the two employed
discharge chambers.

3. Results and discussion

3.1. Characterization of untreated samples

The protocol of protein deposition chosen for this study leads to
the formation of a reproducible and well-organized structure of
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Figure 2. Part of BSA sample visualized by the optical microscope.

proteins on the surface as seen in figure 2, where a section of the
BSA sample imaged by an optical microscope is presented, and
in figure 3 where examples of ellispometric images of bovine
serum albumin (BSA), lysozyme and ubiquitin obtained by
an EP? imaging ellipsometer are shown (Nanofilm Surface
Analysis GmbH, angle of incidence of 42°, field of view of
2000 um x 2000um, 2 = 554.3nm). The images show a
‘coffee ring effect’ and two distinctly different regions can be
easily observed. At the border of the dried droplet a relatively
thick ring is formed, whereas in the central region the coating
is much thinner, i.e. a situation similar to the one mentioned
already by Deng et al [24].

Stylus profilometry (Alpha-step® profilometer produced
by KLA-Tencor, scan speed 20 ummin~!, sampling rate of
50 Hz, equivalent force exerted by the stylus tip on the surface
corresponded to 27.4 mg) showed that the ring height typically
exceeds 1 um and is more than ten times higher than the
maximal height of the deposit in the central part of the droplet.
Naturally the profile of the deposit depends on the protein used,
the dilution of the solution and the properties of the substrate
used (e.g. on its hydrophilicity). Concretely, increasing the
hydrophilicity of the substrate leads, for the same volume of
deposited protein solution, to the formation of larger spots
and thus to a lowering of the ring border as demonstrated in
figure 4. Regarding differences between proteins, it was found
that the ring height is maximal, at the same dilution, in the case
of ubiquitin followed by BSA and lysozyme (see figure 5).
For the latter two, the typical heights have been found to be
very close. Nevertheless, the dilution of the proteins can be
easily adjusted in order to obtain similar ring heights for all
tested protein-substrate material combinations. Moreover, the
formation of a well-defined, relatively high protein ring, which
can be considered as a kind of protein self-patterning, allows us
to measure its height decrease after the different treatment steps
from which the protein etching rate can be directly estimated.

To assure that the observed pattern reflects the protein
distribution over the surface and is not caused, e.g. by the
accumulation of salts or airborne impurities at the border of
the drying drop, additional tests have been performed using
fluorescently labelled BSA (fluorescein isothiocyanate, Sigma
Aldrich), which allows direct visualization of the protein
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distribution, and with ToF-SIMS (TOF SIMS IV by IONTOF
equipped with a bismuth cluster primary ion source operating
at 25keV, acquisition area 500 um x 500 pm, total primary
ion flux below 10'3 jons cm~2) that allows us to monitor the
surface distribution of fragments characteristic for the native
structure of the protein.

The images obtained by fluorescent optical microscopy
(see figure 6(a) and ToF-SIMS (figure 6(b) showed a
similar distribution as those observed by optical microscopy,
ellipsometry and profilometry measurements. Hence, the
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Figure 5. Ring profiles of different proteins deposited on Si wafer.

topography of the observed structure is indeed determined
qualitatively by the distribution of protein.

3.2. Effect of plasma treatment

After the plasma treatment, visible modifications of the protein
samples were observed indicating gradual removal of the
protein coating. An example of this behaviour is given in
figure 7, where the ellipsometric 2D maps of the A angles of
an ubiquitin sample before and after plasma treatment in the
Ar/O, plasma discharge for 60 s are depicted.

The rate of these modifications was however found to
be strongly dependent on the gas mixture used. In order to
quantify this rate, profilometric measurements of the height of
the droplet ring before and after the treatment were performed.
In all the experiments, a linear decrease of the border height
was observed with increasing treatment time as demonstrated
in figure 8 for Argon and A1/O, treatment.

The slope of the protein ring decrease can be furthermore
used as a direct measure of the protein etching rate. According
to the experimental results (based on 40 measurements for each
experimental condition), it was found that the BSA etching
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(b)

Figure 6. Images of (@) fluorescently labelled BSA obtained by a
fluorescent microscope and (b) the 2D map of the lysine peak
(CsH;oN*, atomic mass 84.085 [31]) of a BSA sample obtained by
ToF-SIMS.

rate is markedly higher in the case of the Ar/O, discharge
(0.77 £ 0.02 ummin~") compared with the values obtained
for argon, Ar/N; and Ar/H, plasma discharges (see figure 9)
that were found to be at least three times lower.

Regarding the plasma etching efficiency on different
proteins, we observed systematic variations depending on the
applied plasma discharge, as seen in figure 10. For example
the etching rate of ubiquitin in Ar/O, plasma discharge was
found to be markedly lower than that observed for BSA and
lysozyme, whereas the Ar/N, plasma seems to etch ubiquitin
faster than the other two proteins. Nevertheless, in spite of
these differences, it can be concluded that the Ar/O, plasma
discharge removes all tested proteins substantially faster as
compared with the other discharges employed in this study.
This is however an important difference with respect to the
results on sterilization of bacterial spores, where under similar
experimental conditions as those employed here only a slight
dependence on the used gas mixture was found (complete
sterility was reached in between 40 and 60 s for all tested gas
mixtures [30]). In this case sterilization itself was attributed
solely to the action of UV radiation emitted in the 200-275 nm
spectral range [7]. However, although the photons emitted
in this spectral range carry enough energy to break C—C and
C-H bonds they do not seem to have a significant influence
on the proteins removal under the experimental conditions we
have used. First, the intensity of UV emission in the spectral
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Figure 7. The 2D maps of the A angles of ubiquitin before
treatment (a) and after 60 s treatment in Ar/O, 20 : 1 mixture (b);
protein dilution 0.1 mgml~', Si wafer.

range of interest is fairly weak and is linked almost solely to
the presence of impurities leading to the formation of NO or
OH molecules. Moreover, as seen in figure 11 the integral
intensity of UV radiation between 200 and 275 nm was found
to be highest in the Ar/N, mixture, followed by Ar/H,, Ar/O,
and finally by the argon discharge, which does not correspond
to the sequence of protein removal efficiency. Therefore it
seems that only the presence of oxygen in the discharge is
the determining factor for high protein removal efficiency.
This is above all due to the high capability of O atoms to
abstract hydrogen from the polymer backbone, thus creating
radical sites which initiate subsequent processes that lead to
the cleavage of the polymer chain as well as the formation of
volatile compounds by subsequent reaction with oxygen atoms
or molecules (e.g. [32,33]).

However, it is to be noted that the reasons for the relatively
similar etching rates observed for the treatment performed
in Ar, Ar/N, and Ar/H, plasma discharges are not clear.
One possible explanation for these results is the presence
of unavoidable traces of oxygen (originating either from the
reactor walls, residual moisture or directly from the samples)
reported also in other studies using discharges in pure argon
(e.g. [34,35]). Indeed, optical emission spectroscopy showed
the presence of spectral lines of atomic oxygen in all the
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I mgml~!, substrate Si wafer. The full lines represent the measured
ring profile, open symbols and the dashed line indicate the temporal
evolution of the maximal height of the ring.

mixtures (see figure 12). Nevertheless, according to the
actinometric evaluation of O atom densities, the number of
oxygen atoms in Ar/O, discharge is almost 20 times higher
than the one observed in the discharge in pure argon, which
does not correspond to the differences in the etching rates.
Therefore this hypothesis does not seem to be plausible and
other mechanisms of protein removal have to be considered.
These mechanisms may be based either on chemical sputtering
[14] or on the effect of VUV radiation. In particular,
the latter is known to be capable of significantly affecting
polymeric materials by the creation of radical sites by hydrogen
abstraction, induction of backbone scission or formation of
volatile compounds (e.g. [36]).

Since the highest etching rate was achieved in the Ar/O,
mixture independently of the protein, an evaluation of the role
of the substrate material on the etching rate was performed
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using only BSA treated in this discharge mixture. As seen in
figure 13, the etching rates were found to be almost equal for
BSA deposited on gold and Si, the etching was slightly slower
for protein on glass and markedly slower when polystyrene
was used as a substrate. However, additional examination
showed that in the case of polystyrene the A1/O, plasma
treatment causes a significant etching of the substrate, around
0.3 ummin~', as shown in figure 14. If we take this effect
into account, i.e. if we consider that the base from which the
ring height is measured decreases itself with plasma treatment
by 0.3 wm min~!, we can conclude that the real etching rate of
BSA is similar to that when BSA was deposited on the other
materials. This excludes the influence of local heating due to
recombination of radicals on the surface.

4. Conclusions

In this study protein etching by means of a low-pressure ICP
discharge was investigated. For this purpose a new method
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Figure 11. Optical emission spectra of gas mixtures used for protein
removal experiments (left axis: intensities measured in the spectral
range 200-300 nm; right axis: intensities in the spectral range
650-810 nm).

based on stylus profilometry was introduced. This method
allows us to quantitatively determine the protein etching
rates independently of the proteins, which was demonstrated
for bovine serum albumin, lysozyme and ubiquitin, i.e.
proteins differing significantly in their physical (e.g. molecular
weight) and chemical properties (e.g. in the primary and the
secondary structure), as well as for different substrate materials
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(A1r/O, 20: 1 plasma discharge, 10 Pa, 200 W).

ranging from metallic surfaces to polymeric materials. The
results show that the highest etching rates can be reached
by employing an Ar/O, mixture. Comparing this result
with previously published experiments aiming at the killing
of bacterial spores under similar experimental conditions, it
clearly highlights the dissimilarity between the sterilization
process and the removal of biomolecules. This is, however, an
important point that has to be considered in the optimization of
the treatment process in realistic applications (i.e. at hospital
central sterilization services), when not only sterility but also
complete removal of other possibly pathogenic substances of
biological origin is desired. From this perspective, basing
the process on Ar/O, mixture represents a favourable option
compared with discharges sustained in other gases or gas
mixture, since it allows fast elimination of proteins and killing
of bacterial spores. Moreover, application of this mixture
overcomes drawbacks of fluorine containing mixtures, found to
be capable of sterilising and etching organic materials (e.g. [9]),
which are related to the environmental (greenhouse effect) and
safety aspects (possible formation of toxic by-products).
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Our results moreover show that plasma discharges
which remove protein deposits with high efficiency can also
substantially affect polymeric materials. Consequently, there
is now the challenge to develop a treatment which is selective
enough to affect the biological residues, without modifying too
much the polymers of the substrates.
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Abstract

Non-equilibrium low pressure-plasma discharges are extensively studied for their high
potential in the field of sterilization and decontamination of medical devices. This increased
interest in plasma discharges arises from, among other reasons, their capability not only to
inactivate bacterial spores but also to eliminate, destroy or remove pathogenic biomolecules
and thus to provide a one-step process assuring safety of treated instruments. However, recent
studies have shown that optimal conditions leading to inactivation of spores and physical
removal of pathogens differ significantly—the efficiency of spores sterilization is above all
dependent on the UV radiation intensity, whereas high etching rates are connected with the
presence of the etching agent, typically atomic oxygen. The aim of this contribution is to
discuss and demonstrate the feasibility of Ar/N,/O, low-pressure inductively coupled plasma
discharges as an option to provide intense UV radiation while maintaining the high etching

rates of biomolecules.

1. Introduction

Elimination of potentially harmful micro-organisms and
biomolecules presented on surfaces is a major concern in many
different areas ranging from the food and packaging industry,
the textile industry, and the preservation of ancient manuscripts
to space missions. However, the prominent field where
sterilization and decontamination are of paramount importance
is the medical praxis, where these processes represent a crucial
step in guaranteeing the safety of patients. Sterilization
is traditionally accomplished by techniques employing heat,
ionizing radiation or chemicals. Nevertheless, the necessity
of treatment of heat sensitive materials, which makes the
routinely used thermal treatment impossible, as well as

0022-3727/08/192005+06$30.00

62

the toxicity of substances used for chemical treatment, has
triggered the development of new sterilization methods. In
this perspective, the application of non-equilibrium plasma
discharges (e.g. review papers [1-4]), and in particular
low-pressure inductively coupled plasma (ICP) discharges
(e.g. [5-11]), represents an interesting alternative to the
conventionally used sterilization techniques. This is mainly
due to the fact that this kind of discharges is a potent
source of chemically active particles, ions as well as energetic
photons interacting with the treated surfaces and thus leading
to the fast suppression of the contaminants’ bioactivity or
eventually to their complete removal from surfaces. The used
gases (typically oxygen, nitrogen, argon or hydrogen) are
usually non-toxic, i.e. environment friendly, therefore reducing

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. Experimental set-up.

additional costs related to the disposal of chemicals. The
ICP discharges can be furthermore operated at relatively low
temperatures compatible with the treatment of heat sensitive
objects. Moreover, the ICP plasma discharges seem to be
capable of not only inactivating bacterial spores but also
of removing effectively pathogenic biomolecules that exhibit
high resistance towards common decontamination techniques
(e.g. bacterial endotoxins or protein residuals [12, 13]), and
thus offer the possibility to be a universal tool for the
elimination of a full spectrum of biological pathogens.

Nevertheless, the operational conditions favourable for the
sterilization of bacterial spores are not automatically the best
for the elimination of biomolecules. This is primarily due to the
different pathways leading to the desired effects. Regarding
this point, it has been found that the potency of plasma
discharges to inactivate bacterial spores is determined mainly
by the intensity of UV radiation emitted by plasma (e.g. [2, 10,
14]), at least in the initial stage of the treatment [11]. However,
operational conditions providing intense UV radiation in
the spectral range suitable for spores inactivation do not
typically represent favourable conditions for physical removal
of biological materials: these conditions are required for the
elimination of pathogenic biomolecules as well as for removal
of biological materials shielding spores from the direct action
of UV radiation and thus limiting UV sterilization efficiency
(e.g. [3, 15]). Although the exact mechanism leading to
removal of biomolecules or erosion of bacterial spores is
not clear up to now, it has been observed that within the
discharges sustained in common gases (air, oxygen, nitrogen,
argon, hydrogen) these processes are fastest under conditions
providing high densities of atomic oxygen [13].

The difference between optimized conditions for
sterilization of Dbacterial spores and for removal of
biomolecules has an important implication for the optimization
of the treatment in a real situation when both sterility and
elimination of pathogenic molecules has to be assured. This
can be demonstrated, for instance, in the case of the O,/N,
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discharge mixture, i.e. the most common one used for plasma
based sterilization at low pressures. Using this discharge
mixture, the highest UV radiation intensity is typically
achieved for O, : N, ratio around 1:4, while this particular
mixture has only limited capability for etching biomolecules or
bacterial spores. In contrast, high etching rates can be achieved
when only a small amount of nitrogen is added into the oxygen
discharge, but this is at the expense of UV radiation that is
rather slight [6]. The impossibility of assuring simultaneously
high UV light intensity and high etching rate using binary
discharge mixtures leads to the necessity of prolonging plasma
treatment, which consequently represents an enhanced risk
for the treated objects (e.g. due to the elevated thermal load).
This problem can, in principle, be overcome by a two-step
process (one optimized for sterilization of spores, the second
one tuned for effective removal of biomolecules) or, as it will be
discussed in this paper, by utilization of a discharge sustained
in a ternary mixture composed of argon, oxygen and nitrogen.
To demonstrate this possibility, the ICP plasma discharge
sustained in Ar/N,/O, mixtures having different ratios of
pure gases was characterized by means of optical emission
spectroscopy in order to evaluate conditions providing high
UV radiation intensity. Subsequently, the capability of etching
biomolecules by the studied plasma discharges was estimated
with stylus profilometry using bovine serum albumin as a
model biomolecule. The results of these experiments are
summarized in this paper.

2. Experimental

An ICP source schematically depicted in figure 1 was used
in this study. The plasma discharges sustained in Ar/N,/O,
mixtures (pressure 10 Pa, RF power 200 W and total gas flow
22 sccm) were characterized by optical emission spectroscopy
(OES) in order to evaluate the intensity of UV radiation.
In addition, the density of ground state oxygen atoms was
estimated by actinometry, using the O atom spectral line
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Figure 2. BSA etching rate, O atom density and ion density in dependence on Ar/O, mixture composition (200 W, 10 Pa).

844.6nm (transition *P — 3S) and argon line 750.4 nm
transition 2p; — 1s,) [16]. The emission spectra of the plasma
discharge were collected through a silica optical window
and analysed by an Avantes AVS-PC2000 monochromator
equipped with a 2048-element linear CCD array. Furthermore,
the densities of positive ions were determined by means of
Langmuir probe (Smart probe™; Scientific Systems Ltd) from
the ion saturation current. It should be noted that especially
in the case of discharge mixtures, where different ions having
distinct masses are present in the discharge plasma, this method
cannot be used for the exact evaluation of total ion density.
However, since the most abundant positive ions in the studied
discharge plasmas (namely N3, O3 and NO™) differ relatively
slightly in their masses (from 28 to 40 mass units) the maximal
uncertainty in the total positive ion density is lower than
20% and thus this approach still remains plausible for the
determination of the behaviour of charged particle densities
in the studied discharge mixtures.

Besides emission spectroscopy and Langmuir probe
measurements, the substrate temperature was monitored
during plasma treatment by means of IR pyrometry. Regarding
these measurements the temperature increase under the
experimental conditions used in this study was lower than
50 °C within the treatment duration, i.e. the temperature load
is still well acceptable for the treatment of a wide variety of
materials.

The samples used for the evaluation of the etching
rate of biomolecules were prepared by spotting an aqueous
solution (0.5 mgml™ 1Y of bovine serum albumin (BSA, Sigma
Aldrich) on polished Si wafers. After the deposition, the
samples were dried overnight in a common flow hood,
to mimic the worst situation for protein removal during
a typical sterilization process [17].  Subsequently, the
samples were plasma treated and the removal rate was
determined by stylus profilometry. Details regarding samples
preparation and evaluation of etching rates can be found in the
literature [13].
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3. Results and discussion

As mentioned above, the net efficiency of sterilization of a
multilayer of bacterial spores as well as the rate of elimination
of biomolecules are dependent on several factors, primarily
the intensity of UV radiation crucial for sterilization of
bacterial spores [2, 10, 14] and on the etching rate providing
physical removal of pathogens [12, 13] or contributing to the
sterilization process itself [11, 18]. Regarding etching, it has
been shown that significant erosion of spores or biomolecules
can, in principle, be achieved by employing discharges
sustained in hydrogen or nitrogen containing mixtures (e.g.
[13, 19]). However, the process is substantially faster in
the oxygen-rich plasmas, which was demonstrated by direct
comparison of the removal rates of model proteins using
argon, Ar/N,, Ar/H, and Ar/O, plasma discharges operated
at otherwise identical conditions (i.e. RF power, pressure and
total gas flow) [13].

Naturally, the etching rate of Ar/O, discharge plasma
depends on the ratio of Ar and oxygen in the initial mixture.
In order to find out the optimal conditions in terms of the
biomolecules’ removal, the etching rate was measured as a
function of the oxygen concentration and these values were
compared with the density of ground state oxygen atoms as
measured by actinometry and ion density as measured with a
Langmuir probe.

As can be seen in figure 2, the etching rate is not a
monotonic function of O, content in the discharge mixture:
it exhibits a clear maximum for about 5% of oxygen in Ar/O;.
Furthermore, this behaviour cannot be ascribed solely to the
variations in O atom density, i.e. density of particles supposed
to be capable of etching chemically organic materials, which
increases monotonically with increased portion of O, in the
initial discharge mixture. Although the exact mechanism
of protein removal still needs to be clarified, the observed
dependence of etching rate on gas mixture composition can
be explained by the dominant role of chemical sputtering as
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proposed recently for the erosion of bacterial spores based on
experiments employing individually controlled and absolutely
calibrated particle beams [20,21]. This mechanism combines
the impact of energetic ions, which are able to break bonds
in the protein layers within the collision cascade, and the
subsequent reaction of the created sites with highly chemically
active oxygen species (e.g. O atoms or O, molecules), leading
to the formation of volatile products. Obviously the efficiency
of this process is governed by fluxes of both ionic species and
oxygen species to the protein surface. Whereas densities of O
atoms and molecules increase with increasing O, content in the
discharge mixture, leading to an enhancement of the removal
of proteins, the density of charged particles steeply decreases at
the same time (figure 2). This reduces the creation of defects
in the protein film and consequently reduces the number of
reaction sites, thereby limiting the etching rate of the film.
These two opposing effects can explain the appearance of a
well-defined maximum of the etching rate at the conditions
representing an optimal trade-off between the fluxes of oxygen
species and energetic ions.

However, neither argon nor oxygen has intense spectral
peaks in the spectral range 230-275nm, i.e. in the range
recently proposed to be crucial for the fast sterilization of
bacterial spores. This wavelength range corresponds to
photons with energies high enough to break C—C or C—H bonds
of DNA strands [10]. The only peaks that can be observed
between 230 and 275 nm originate from impurities (desorbing
from the reactor walls or from samples to be sterilized) whose
amount is typically unknown and can vary significantly from
treatment to treatment. Difficulty in controlling the amount of
impurities and consequently the intensity of UV radiation in
turn limits the applicability and reliability of Ar/O, discharges
for sterilization purposes.
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Nevertheless, the UV intensity in the desired spectral
range can be significantly enhanced (more than 1 order
of magnitude) by the addition of nitrogen to the Ar/O,
binary mixture, which leads to the production of excited NO
molecules, whose radiative de-excitation results in emission
of the NO y system predominantly in the spectral range 200—
300 nm as demonstrated in figure 3.

The integral intensity of radiation emitted by an Ar/O,/N,
plasma discharge in the spectral window 230-275nm is
obviously strongly linked with the composition of the gas
discharge. Regarding this, it has been found that at fixed
pressure, total gas flow, RF power and O,/N, ratio, increasing
the amount of argon in the mixture initially leads to an
enhancement of UV intensity, reaches its maximal value for
around 60% of argon and afterwards starts to decrease (see
figure 4). In other words, the presence of argon increases
the production of excited NO molecules as compared with
the discharges sustained in O,/N, binary mixture. This has
important implications for optimization of the sterilization and
decontamination process, since even if the total number of O,
and N, molecules in the Ar/O,/N, ternary mixture decreases
to 10%, the UV emission intensity of such a discharge is still
comparable to the maximal one measured in the O,/N; binary
mixture and thus has the same potency to inactivate bacterial
spores.

Naturally, the partial substitution of O, in the discharge
mixture by nitrogen, which leads to a significant increase in UV
emission intensity desirable for sterilization of bacterial spores,
influences the etching rates of biomolecules. Nevertheless,
as can be seen in figure 5, the etching rate of BSA does not
linearly follow the decrease in the number of O, molecules in
the initial discharge mixture, but decreases much more slightly.
For example, the substitution of 50% of O, by N, results in
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only 10% decrease in the etching rate. Analogously to the
case of the argon—oxygen binary mixture, this trend does not
correspond exclusively to the variations of O atom density that
decreases linearly with decreasing O, content in the discharge
mixture (figure 6), but also reflects the density and energy
distribution of charged particles that were found to be almost
insensitive to the oxygen/nitrogen ratio in the ternary mixture
having fixed argon content, as demonstrated in figure 6.

4. Conclusions

In summary, it can be concluded that the results presented
here clearly demonstrate that the application of a ternary
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Ar/O,/N, discharge mixture has advantageous properties
in terms of sterilization and decontamination of surfaces,
especially compared with the discharges sustained in Ar/O,
and O,/N, mixtures, i.e. the most common binary mixtures
used for inactivation of micro-organisms and elimination of
pathogenic biomolecules.

First, it has been revealed that low-pressure ICP discharge
sustained in the studied ternary mixture leads to the higher
emission of UV radiation desired for sterilization of bacterial
spores as compared with discharges operated in binary
mixtures.  This confirms previous observations of high
efficiency of bacterial spore inactivation using a similar
discharge mixture (Ar:N,;:0, 100:4:1 [10]). Moreover,
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besides increased emission of UV radiation intensity, which
alone is an important finding with respect to inactivation of
bacterial spores, the Ar/O,/N, ternary mixture also provides
a high etching rate of biomolecules (demonstrated in the
example of bovine serum albumin that has been used as a
representative model of biomolecules present on the surfaces of
medical instruments), which has been found to be only slightly
lower compared with that reached employing an argon—oxygen
binary mixture.

These results have important consequences since they
allow the presumption that the use of an Ar/O,/N, discharge
mixture can assure fast inactivation of bacterial spores
combining both the effect of UV radiation and high etching
rate and the effective elimination of pathogenic molecules
(e.g. bacterial endotoxins or infectious proteins—prions) in
one treatment step, i.e. to fulfil the requirements of sterile
services.
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Removal of Model Proteins Using Beams of
Argon Ions, Oxygen Atoms and Molecules:
Mimicking the Action of Low-Pressure Ar/O,

ICP Discharges

Ondrej Kylian,* Jan Benedikt, Lucel Sirghi, Riidiger Reuter, Hubert Rauscher,

Achim von Keudell, Francois Rossi

The action of Ar/O, plasmas with proteins is mimicked by employing a particle
beam experiment with individually controllable and absolutely calibrated sources of
O atoms/O, molecules and of argon ions. It is demonstrated that beams of thermal O atoms

and of O, molecules with fluences up to
jo=8.6x10"® cm ? and jo,=5.4x10*° cm?
have no measurable effect on the proteins at
room temperature, whereas the combination of
an 0/0, beam and of an 100 eV Ar' ion beam
induces very efficient protein removal, which is
accompanied by a significant increase of their
surface roughness. These observations are
attributed to the process of chemical sputtering
caused by the simultaneous impact of incident
radicals and energetic ions.

Introduction

Decontamination and sterilization of medical equipment
are crucial demands in present day health care facilities.
The main objective of these processes is to guarantee a
safe, repetitive utilization of various medical tools,
instruments or accessories. This is achieved by killing,
removing or biologically deactivating any kind of poten-
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tially harmful micro-organisms or substances of biological
origin that can be present on surfaces of medical
instruments. In this context, the elimination of specific
proteins, namely prions, which are capable to cause severe
neurodegenerative diseases (e.g. the Creutzfeld-Jakob
disease), poses a particularly new challenge. This is mainly
due to the extraordinarily high resistance of various
proteins to common sterilization procedures based on
thermal treatment, ionizing radiation or chemical treat-
ment,™! which in turn leads to high levels of proteins
soiling of the medical instruments after their routine
sterilization and decontamination performed in sterile
services.!**] Consequently, there is a clear demand for the
development of new, effective decontamination
approaches assuring complete elimination of protein
contamination from surfaces. From this perspective,
non-equilibrium plasma discharges are believed to be
well suited for fulfilling this demand, as they are already
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known to be very efficient in inactivating bacterial spores
(e.g. review articles*®)) and pyrogenic compounds.[#=%!
However, experimental studies focussed on the destruc-
tion of infectious prions by plasma discharges are rather
problematic. This is due to stringent safety precautions
that are necessary because of the extreme biohazard
associated with those molecules, which naturally limits
the number of possible experiments. Therefore, in order to
overcome this restriction, non-pathogenic proteins are
usually used as representatives of proteic contamination
of surfaces to facilitate the investigation of the mechan-
isms of plasma-protein interactions, as well as to evaluate
favourable conditions for their destruction, i.e. knowledge
that constitutes a necessary starting base for successful
application and validation of this technique towards
infectious proteins. Indeed, the possibility to remove
various proteins from surfaces was already proven using
different discharge plasmas operated at ambient,'*?! or
at low pressures.[***7*7] Regarding the results using low-
pressure plasma discharges, it was found that high
removal rates of proteins can be achieved in Ar/O,
plasmas,***71 which provide removal rates that are at
least three times higher as compared to those observed in
pure Ar plasmas or Ar/N, and Ar/H, mixtures operated at
otherwise identical experimental conditions such as
applied power, pressure and gas flow.'®! However, the
mechanisms leading to protein elimination remain still
unclear. This is foremost due to the inherent complexity of
the processes occurring at the plasma-protein interfaces,
which involve various chemically active species, ions or
UV/VUV radiation. The distinction and quantification of
the individual contributions to the overall treatment
efficiency is therefore very challenging. Moreover, the
uncertainty of identifying the principal mechanisms of
protein removal represents a serious limitation for any
optimisation of the treatment. A possible solution for
identifying principal mechanisms contributing to proteins
elimination is the use of calibrated sources of radiation
covering a wide spectral range, and/or particle beams
comprising sources of neutral, as well as charged species.
This allows to isolate individual processes and to
identify possible synergisms among several reactants
as recently demonstrated for the case of bacterial
spores.['*72°] The same approach is used in this study:
the interaction of an Ar/O, plasma with model proteins
is mimicked by employing a particle beam experiment
with individually controllable and absolutely calibrated
sources of O atoms/O, molecules and of energetic argon
ions. However, in contrary to the previous studies,
where the action of ions and atomic species was
estimated only qualitatively by comparing SEM images
of treated spores, the effects of the employed beams on
the treated proteins are evaluated quantitatively in this
study.
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Experimental Part
Samples Preparation and Analysis

The protein samples were prepared by dropping 0.1% aqueous
solution of Bovine Serum Albumin (BSA) and Lysozyme (both
provided by Sigma Aldrich) on the surface of polished Si wafers.
The samples were then allowed to dry in a common flow leading
to a ring shaped deposit on the substrate. The dried samples
were then exposed to the particle beams and the resulting
modifications were evaluated by the following diagnostic methods.
First, the overall modifications of the protein films were visualised
by an EP? imaging ellipsometer (Nanofilm Surface Analysis GmbH,
angle of incidence of 42°, field of view of 2000 x 2000 ;.Lmz,
/.=554.3 nm). The removal rates of the proteins were obtained
using stylus profilometry (Alpha-step™ profilometer produced by
KLA-Tencor, scan speed 20 pum-min’l, sampling rate of 50 Hz,
equivalent force exerted from the stylus tip on the surface
corresponded to 27.4 mg), as described in detail previously.*®!
Finally, the morphological changes of the protein deposits at the
nanometre scale were determined by atomic force microscopy
(AFM type Solver PA7H, NT-MDT Co. operated in the tapping mode).
The AFM measurements were made using silicon AFM probes
(NSG11 from NTMDT) with sharp conical tips (nominal tip radius
10 nm and cone angle of 22°) and stiff cantilevers (elasticity
constant of 5 N-m ). The topography images were corrected to
compensate for the tilting of the sample surfaces.

Beam Experiments

A sketch of the beam experiment is shown in Figure 1. It consists
of an exposition chamber containing the particle sources and a
load lock system. The base pressure is about 10 * Pa in the
exposition chamber and 102 Pa in the load lock chamber, and the
pressure during the processing of the samples is 102 Pa. The
temperature of the samples during treatment can be varied and is
monitored by a thermocouple mounted on the sample holder. The
oxygen source is based on a microwave plasma excited in an
Evenson cavity,'?*! which is connected to the processing chamber
via an S-bend quartz tube with a length of 30 cm. The microwave
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I Figure 1. Schematic of the experimental set-up consisting of an
sources.

DOI: 10.1002/ppap.200800199



Removal of Model Proteins Using Beams of Argon lons, Oxygen Atoms ...

Plasma Processes
and Polymers

power is held at 40 W and an oxygen flow of 5 sccm is used in this
study. Moreover, in order to increase the O atom flux reaching
treated samples, an admixture of 0.2 sccm nitrogen is used, which
drastically enhances the dissociation degree of oxygen due to a
decrease in a wall diffusion loss of O atoms.[?2?23! Moreover, it has
to be noted that S-bend shape of the connecting tube avoids direct
line-of-sight from the microwave plasma to the sample eliminat-
ing the exposure of the sample to possible UV and VUV radiation,
which is connected with production of excited NO molecules and
which can contribute to the proteins removal. The negligible flux
of UV radiation on treated samples has been confirmed in previous
studies that revealed no observable inactivation of spores of
Bacillus Atrophaeus, which are spores highly sensitive to UV
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Figure 2. 2D ellipsometric maps of A angles of a) untreated BSA sample and BSA samples
exposed for 60 min to b) O, flow, ¢) 0/0, beam, d) Ar™ beam only, and e) 0/0, beam

combined with Ar" beam.
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radiation bellow 300 nm, within of 4 h of beam operation.**! The
shape and the length of the quartz tube leads also to an effective
quenching of oxygen or nitrogen metastables produced in the MW
cavity due to wall collisions. This, together with the operational
pressure 10> Pa, which excludes effective production of O that
are created predominately via three-body interactions, assures
that the dominant active particle produced in the MW cavity and
reaching samples is atomic oxygen. Based on the calibration using
comparison of etch rates of a-CH films performed in the previous
study,*” the arrangement used yields an O atom flux of
2.4 x 10" cm 2 s~ on the sample. However, it has to be noted
that the microwave source remains also a source of O, molecules
(background O, flux of jo,=1.5x10'7 cm ?-s ' at the sample
surface). This is important, because it was
shown that the exposure of hydrocarbon
films or of bacterial spores to the combined
impact of argon ions and of O, molecules
induces significant etching**?4?5! Conse-
quently, the exposure of the samples needs
to be regarded as exposure to an O/O, beam.
In order to separate the effect of O, molecules
from the effect of O atoms, additional tests
were performed using only a flux of non-
dissociated neutral O, molecules instead of
the O/O, beam. The Ar" ion beam is produced
using a commercial plasma ion source
(type Gen2 by Tectra GmbH) based on a
magnetically enhanced microwave plasma.
Ions are extracted from the plasma discharge
and are accelerated to energies of 100 eV
using a two grid system. Under the experi-
mental conditions used in this study, the
Ar* ion flux density at the sample is ja, =
1.8 x 10 cm ™2 s7%, as calibrated by measur-
ing the physical sputtering yield of an
amorphous hydrogenated carbon film
(a-C:H) with known properties.

&
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Results and Discussion

Xl

Effect of the 0/0, Beam

The treatment by the O, or 0O/O, beams
was found to have only a negligible
influence on the protein films as can be
seen in Figure 2 showing 2D maps of the
ellipsometric angles A of untreated BSA
sample (Figure 2a) and samples exposed
for 60 min to these two beams (Figure 2b
and c). According to stylus profilometry,
the removal rates are in both cases lower
than 0.1 nm-min* (Figure 3) and the
protein surface remains unaffected by
the treatment (see Figure 4). Whereas O,
molecules alone are not expected to
significantly affect proteins at room
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Figure 3. Temporal evolution of BSA height decrease (left panel)
and corresponding removal rates (right panel).

temperature,**! O atoms or O, metastables produced in
the O/0, beam source are expected to be capable to induce
a removal of biological material by its chemical etching.
However, the absence of any significant etching demon-
strates that an O fluence of jo = 8.6 x 10*® cm~?is unable to
contribute significantly to the process of protein removal
at substrate temperatures of 30 °C. Additional experiments
have shown that the protein removal rate can be enhanced
by rising the substrate temperature indicating that
O etching is a temperature activated process.?*! However,
even if the substrate temperature was elevated to 120 °C,
i.e. the substrate temperature exceeding the one observed
during the plasma treatment of proteins,*” the removal

rate using the 0/O, beam was only 0.56 nm -min ™.

Effect of Energetic Ar* Ions

Bombardment of proteins by Ar" ions leads to markedly
faster removal and erosion of proteins as compared to the
0/0, beam (see Figure 2 and 3); the removal rate is slightly
higher than 1 nm - min~?!, and it also causes an increase of
the surface roughness, which is more than 4 times larger
after 15 min treatment as compared to the untreated
samples (Figure 4). Since no chemically active species were
present in the processing chamber during the treatment,
the observed effects can be attributed solely to the physical
sputtering process of proteins by energetic (100 eV) Ar*
ions.

Simultaneous Exposure to Ar*, 0/0, and O, Beams

Simultaneous exposure to Ar" and 0/0, beams resulted in
markedly faster removal of both model proteins (reaching
values of around 12 nm - min*) and a higher roughness of
the protein surfaces compared to the previous two cases as
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it is demonstrated in Figure 3 and 4. It is, however, clear
that the observed removal rates and the enhancement of
the surface roughness in this experiment cannot be
explained by simply adding the net actions of chemical
etching as observed in the experiment employing only the
0/0, beam and of physical sputtering from the experi-
ment using solely argon ions. Instead, the process of
chemical sputtering, as being induced by the simultaneous
impact of reactive neutrals and energetic ions on treated
surface is able to explain the enhancement in removal
rate: impinging ions break bonds in the protein layers
within their corresponding collision cascade via nuclear
stopping. Such broken bonds created on or close to the
surface of the deposit subsequently react with the
additional flux of oxygen atoms or molecular oxygen,
which can lead either to their passivation or to the
formation of volatile products, presumably H,O, OH, CO,
and CO,, induced by chemical interaction of oxygen with
surface active sites. Whereas, the second process leads to
the gradual removal of proteins, fast passivation of broken
bonds disables their relaxation or cross-linking. This in
turn facilities any further erosion by incident oxygen
species due to preferred material removal from once
affected sites, leading to formation of deep etch channels
as observed by AFM (Figure 4e).

Since it is not possible to disregard O, molecules
impinging on the samples in the experiments using an
0/0, beam, additional experiments were performed using
the Ar* ion beam in combination with an O, flow only.
These experiments showed, in agreement with previous
experiments using bacterial spores or hard a-C:H
films,[*92°] that addition of molecular oxygen to the
energetic argon ion beam leads to pronounced removal of
proteins as compared to the effect of Ar" bombardment
only. The measured removal rate is slightly higher than
4 nm - min " for both proteins employed in this study, i.e.
it is more than three times higher as compared to the
protein removal rate measured using solely the argon ion
beam (see Figure 3). This is explained by the fact that O,
with its triplet ground state is a bi-radical and can directly
react with broken bonds at the surface.[*®! Nevertheless, it
should be stressed that the presence of even a small
fraction of O atoms in the O/O, beam (around 1% in our
experiments) leads to a dramatic increase of the protein
removal rate, reaching values up to 12 nm-min . This
indicates that O is much more reactive compared to O,.

Relevance for the Plasma Treatment of Protein
Samples

The results presented here constitute an important step in
the understanding of processes taking part during plasma
treatment of proteins. Although the results are difficult to
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finding is consistent with observa-
20 ] tions from previous studies, which
- showed that the rate of protein
: %ﬁ . ] removal in Ar/O, plasma discharge
- 20 does not follow solely the density
N0 ] Average roughness: 0.25 nm of 0 atoms.[*7*)
T (ii) Analogously to the erosion of
: bacterial spores,***°! the high
i . removal rates of proteins observed
g = 7] in Ar/O, plasma discharges can be
A g’ 0 4 explained by the process of chemi-
3 No20 cal sputtering involving both ions
4 : ] and impinging oxygen species
: e i Avera%e foughness: 0.25 o (both atclfmii agnd :nyc?leculaf oxy-
gen). This can also explain the
- occurrence of a well defined max-
: 20 ] imum of the protein removal rate,
J | e g SRy R as observed for a 20:1 Ar/O,
1 N% 20 ] discharge mixture.*” As pre-
i L viously reported,*”?%) the density
4 ] Average roughness: 1.15m of positive ions drastically dec-
: i reases with an increasing fraction
: of oxygen in the oxygen-argon
i 20 ] discharge mixture in a plasma kept
. 8 o ] at constant power. This conse-
N[ § __WWV\J\/V\NWN\”\IV\W‘[‘V quently limits the creation of
. ] -2 7] defects on the protein structure
N 40 Average roughness: 4.1 rm that can be subsequently attacked
g by oxygen species, although the
density of oxygen species mono-
p tonously increases with increasing
P 20 ] oxygen fraction in the discharge
. 5 o ] mixture.'7?°! In  this reaction
| Ng 20 ] scheme the 20:1 argon-oxygen
: i e mixture therefore represents an
" 5 Average roughness: 14 nm optimum balance between the
; T T

0.0 0.5 1.0

15 20

fluxes of ions, which are needed
for the initiation of the process of

X [um] chemical sputtering by creation of
Figure 4. Typical surface profiles (right panel) and AFM topographic images of 2 x 2 pm? dangling bonds near the prptein
area (left panel) of a) untreated BSA sample and BSA samples exposed for 15 min to b) O/ surface, and the flux of chemically
0, beam, c) Ar* beam only, d) Ar" beam combined with O, flow, and e) and 0/0, beam active oxygen particles interacting

combined with Ar" beam.

compare directly with the results obtained with active
plasma discharges, which is mainly due to the differences
of particle fluxes, as well as to the higher ion energy used in
the beam experiments, the following conclusions can be
drawn:

(i) It is demonstrated that chemical etching involving
oxygen atoms should not be considered as the only or
the most dominant process leading to the elimination
of proteins from surfaces in plasma discharges. This

Plasma Process. Polym. 2009, 6, 255-261
© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(i)

72

with such created active sites.

In this context, it has to be noted
that, although the energy of ions used in this study is
much higher than the one observed in low-pressure
ICP discharges (typically tens of eV), the mechanism of
chemical sputtering is still plausible for ions having
lower energies as already demonstrated for treatment
of hydrocarbons.[?*]

It has been demonstrated that for chemical sputtering
of proteins, the presence of atomic oxygen is not
crucial, since also ground state oxygen molecules are
capable to induce volatilisation of proteins. However,
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the present results clearly show that 1% dissociation
degree of oxygen molecules leads to 3 times faster
protein elimination as compared to the flow of
undissociated O, molecules. Taking into account this
finding together with a typical dissociation degree
of O, molecules in low-pressure ICP discharges,
reaching commonly values higher than 1%, allows
us to presume that in plasma discharges the fast
elimination of proteins is connected predominantly
with the action of O atoms.

Finally, it is interesting to note that the removal rates
of BSA and Lysozyme are almost identical, which is in
agreement with the results reached during plasma
treatment of proteins.[*®! This finding is, as discussed
bellow, also consistent with the postulated process of
chemical sputtering:

=

(iv’

The protein elimination from surfaces occurs due to
their gradual volatilization, which is caused by interaction
with oxygen atoms or molecules. Although the exact
chemical structure of proteins treated is significantly
different, they can be in the first approximation considered
as a polymeric substances composed from carbon, hydro-
gen, nitrogen and oxygen mainly, i.e. species that can all
easily form volatile products in chemical interactions with
oxygen (e.g. O, CO, OH, NO). Nevertheless, for the
initiation of the process of volatilization, active sites have
to be formed on the surface. This can be achieved either by
hydrogen abstraction from the polymeric structure, which
is a major mechanism in the case of pure chemical etching
in oxygen containing atmosphere, or by bonds cleavage
caused by impact of energetic ions in the case of chemical
sputtering. However, it is clear that, whereas the first
mechanism is highly dependent on the exact chemical
structure of treated deposits, which would consequently
lead to different etch rates for different polymeric
materials, the second mechanism is due to the high ener-
gies of impinging ions rather insensitive to the chemical
composition of treated substances, which renders their
exact chemical structure irrelevant for the resulting etch
rate as observed in our experiments. The insensitivity of
chemical sputtering to the chemical structure of proteins
(together with recent results reached with bacterial spores
showing similar trends™*®) is of paramount importance,
since it allows to presume that all the biomolecules and
biological systems comprising pathogenic ones will be elimi-
nated at rather similar rates in plasma discharges. Verifica-
tion of this hypothesis is a subject of on-going studies.

Conclusion
Deposits of Bovine Serum Albumin and Lysozyme, selected
as model proteins with distinctly different chemical and

physical properties, were exposed to beams of Ar' ions,
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oxygen molecules and oxygen atoms. It is demonstrated,
that at room temperature only the simultaneous impact
of O atoms or O, molecules and of argon ions leads to
effective removal of proteins from surfaces and to
significant roughening of their surfaces. This is explained
by the process of chemical sputtering, i.e. process where
the oxygen species interact with ion-induced defects at
the protein surface leading to the formation of volatile
compounds. This reaction scheme can moreover explain
observed variations of protein removal rates with varia-
tion of composition of Ar/O, low-pressure inductively
coupled plasma discharges reported in previous studies.
From this perspective, maximal protein removal rates
observed for about 5% of oxygen in argon discharges can
be seen as a result of optimal compromise between the ion
and the O atom fluxes to the substrate in such discharges.

Identification of the significant contribution of chemical
sputtering to the elimination of proteins from surfaces is of
great importance, since it allows effective development
and optimisation of plasma based decontamination
processes.
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Abstract. The mechanisms of sterilization and decontamination of surfaces are
compared in direct and post discharge plasma treatments in two low-pressure
reactors, microwave and inductively coupled plasma. It is shown that the removal
of various biomolecules, such as proteins, pyrogens or peptides, can be obtained
at high rates and low temperatures in the inductively coupled plasma (ICP)
by using Ar/O, mixtures. Similar efficiency is obtained for bacterial spores.
Analysis of the discharge conditions illustrates the role of ion bombardment
associated with O radicals, leading to a fast etching of organic matter. By
contrast, the conditions obtained in the post discharge lead to much lower
etching rates but also to a chemical modification of pyrogens, leading to their de-
activation. The advantages of the two processes are discussed for the application
to the practical case of decontamination of medical devices and reduction
of hospital infections, illustrating the advantages and drawbacks of the two
approaches.
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1. Introduction

In the US, approximately 46.5 million surgical procedures and even more invasive medical
procedures—including approximately 5 million gastrointestinal endoscopies—are performed
each year. Each procedure involves contact between a surgical instrument and a patient’s sterile
tissue or mucous membranes. These procedures present a major risk of contamination by
the introduction of pathogens during the operation. Failure to properly disinfect or sterilize
equipment not only carries a risk associated with the breach of host barriers but also a risk
of person-to-person transmission (e.g. hepatitis B virus) and transmission of environmental
pathogens (e.g. Pseudomonas aeruginosa).

Multiple studies in different countries have documented a lack of compliance with
established guidelines for disinfection and sterilization. Failure to comply with scientifically
based guidelines has led to numerous outbreaks. In 2002, the estimated number of Hospital
Acquired Infections (HAI) in the US, was approximately 1.7 million. The estimated deaths
associated with HAIs in US hospitals were about 10000 [1] at a cost of the order of 5-7 billion
dollars. Similar figures were also reported for the UK, France and Italy, with 100 000 HAI
leading to about 5000 deaths in 2000 for the UK [2], 4000 for France [3] and 5000-7000 in
Italy [4].

Although these cases cannot all be directly attributed to contamination present on
surgical instruments, it is generally recognized that disinfection and sterilization are essential
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for ensuring that medical and surgical instruments do not transmit infectious pathogens to
patients. These operations are normally realized by placing the instrument in a mechanical
washer/disinfector and subjecting them to a pre-wash at room temperature to prevent blood
coagulation and adhesion of proteins. The instruments are then cleaned and sonicated with an
alkaline enzymatic detergent, and finally, at high temperature, washed and rinsed. They are then
visually inspected after drying and packaged for sterilization (in most cases by autoclaving, but
also by use of chemical reagents such as hydrogen peroxide or EtO). These operations normally
have to follow strict rules such as the ones described in the norm ISO EN 15883.

However, recent studies made in the UK have shown that visual inspection is not enough
to prevent significant quantities of residues to be left on surgical instruments after complete
cleaning operations [5]-[8]. In these studies made on real instruments decontaminated in a
Sterile Service Unit, all items tested were showing residual contamination, sometimes severe
with levels larger than 4 ;ug mm~2 locally. These residues were composed of salts, proteins and
undefined organic matter. This observation raises serious concerns since it has been shown that
prion protein can accumulate in peripheral and skeletal tissues of patients having the different
forms of Creutzfeld Jacob Disease (CJD) and could be potentially transmitted iatrogenically by
contaminated medical devices.

Another concern linked to these residues is related to pyrogens coming from both gram-
negative (lipopolysaccharides (LPS)) and gram-positive (peptidoglycans or lipoteichoic acids)
bacteria. These pyrogens can cause sepsis when in contact with the patient bloodstream and
provoke septic shock, which is a major cause of death among hospitalized patients. They are,
however, extremely resistant to temperature (e.g. [9, 10]) and difficult to remove by conventional
sterilization procedures (e.g. [11]).

Therefore new methods of decontamination and sterilization, which could ensure complete
removal of bacteria, pyrogens and proteins, are urgently desired. As we will see, the application
of non-equilibrium plasma discharges currently appears as an interesting option. This is mainly
due to the capacity of plasma processes to remove organic material with high efficiency, while
working at low temperature and using non-toxic gases, thus reducing both environmental
impacts and safety risks. These key advantages naturally result in increased interest in the
investigations of the plasma interactions with substances of biological origin and micro-
organisms.

Indeed, it has been shown that many pathogens can be destroyed by employing non-
equilibrium plasma discharges (e.g. [12]-[14]) and the nature of plasma interactions with micro-
organisms or biomolecules has been extensively studied in the past few years, with aim (i) to
identify the dominant processes leading to the desired effect, (ii) for treatment optimization
and (iii) validation of the process. However, it has to be noted that this is a rather challenging
objective: plasma discharges are capable of producing high fluxes of various neutral or ionized
active species as well as energetic photons, which all interact with treated biological systems via
different mechanisms that contribute to the overall efficiency of the treatment. The exact role of
each of these processes naturally depends on many parameters such as e.g. process conditions
(pressure, applied power, gas flow and excitation frequency), geometry of the system as well
as on the kind of target to be inactivated; this considerably complicates the comparison of the
results obtained in different experimental configurations and leads to controversy concerning the
mechanisms at play during the process. However, as will be outlined in the following section,
recent results allow us to draw certain general conclusions regarding possible strategies of
plasma-based sterilization and decontamination of surfaces. Subsequently, some of the aspects
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related to the proposed approaches will be discussed on the basis of experiments employing
low-pressure plasma discharges and involving various kinds of biological systems, with the
objective to demonstrate their advantages as well as limitations and drawbacks.

2. Principles of low-pressure plasma-based sterilization and decontamination

2.1. Bacterial spore sterilization

The main mechanisms of spore destruction or deactivation by plasma discharge have been the
object of several reviews (e.g. [14]-[19]) that the reader should refer to for more details. In
brief, two main mechanisms can be invoked for spore inactivation or destruction employing
low-pressure plasma discharges®:

e The first one is related to the inactivation of spores by interaction of the UV photons emitted
by the discharge with the DNA (e.g. [20]-[22]). It was found that the maximum efficiency
of the UV photons is typically in the wavelength range 200-300 nm [22, 23], and that there
exists a minimum dose necessary for preventing DNA repair [24] that leads to sterilization.

e The second mechanism is linked to spore etching and erosion by the radicals and active
species produced by the plasma discharge (e.g. atomic oxygen, atomic nitrogen and OH
radicals or fluorine atoms [25]-[32]). The etching leads to the direct killing of spores by
destruction of their membrane and to the removal of the material that shields the spores
from exposure to UV radiation. Both effects result in an acceleration of the sterilization
rate.

Nevertheless, it is clear that in common situations, both processes may act simultaneously
during the treatment and thus contribute to the killing/deactivation of spores. The rates of the
two mechanisms are often markedly different, which leads to the two phases of kinetics reported
in the literature (e.g. [12, 15]). Moreover, the significance of these two processes is strongly
dependent on the local plasma conditions, and as a consequence, on the position of treated
object with respect to the plasma discharge: whereas position in the active plasma favors spore
etching promoted by ion bombardment, placing samples in the discharge afterglow increases
the relative role of UV radiation since ions are normally absent in these conditions.

However, it must also be emphasized that basing sterilization on the action of UV only has
two serious drawbacks: the first one is connected to the distribution of the spores on the surface:
in practical cases, the spores might be stacked and mixed with protein residues or biological
film. With the UV photons flux decreasing exponentially with the thickness of the film they
go through, the time needed for reaching the minimum dose necessary for spore inactivation
increases exponentially. This makes sterilization difficult to achieve in practical cases with this
approach and therefore some etching that uncovers shielded spores is normally necessary for
acceptable treatment durations [14]. The second limitation is that UV photons have little or no
effect on other contamination sources such as pyrogens or proteins, which results in a treatment
that addresses only a part of the problem.

This is why we deliberately favor the approach where etching contributes significantly to
the decontamination treatment. We will see that this approach has the advantage of sterilizing

4 1t has to be noted that also other mechanisms have been suggested as for instance electrostatic disruption of the
outer cells walls [18] or their killing by ozone [19]. However, the significance of these processes is more important
for discharges operated at higher pressures than the ones reported here.
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the surface even when significant soiling is present, and it also removes the other contaminants
such as pyrogens or proteins at low temperatures and with limited treatment durations.

2.2. Destruction of pyrogens

As mentioned before, another surface contamination, overlooked most of the time, is
represented by pyrogens. The outer coats of spores and bacteria contain endotoxins (e.g. LPS,
peptidoglycans or lipoteichoic acids, etc), which are pyrogenic substances. They act as potent
modulators of the human immune system, and their presence in the blood stream leads to
physiological events such as fever, swelling or sepsis and, at higher doses, to death [33]. UV
radiation in the 200-300 nm range has little effect on such substances, as we have already
demonstrated [34]. Moreover, after a plasma treatment based on UV radiation only, the surface
treated can have an increased pyrogenic activity due to the endotoxins liberated by the spores,
and can consequently provoke an unexpected immunological response [35]. Nevertheless, it
has been recently demonstrated that distinct kinds of pyrogenic substances can be inactivated
readily by plasma treatment (e.g. [14, 34, 36, 37]).

2.3. Elimination of proteins

Another group of possible contaminants is constituted by protein residues, which might contain
pathogens, such as the infectious prions associated with the transmission of the CJD. Unlike the
case of bacterial spores, prions do not contain genetic material and UV radiation is ineffective
for their destruction. Moreover, prions have been found to be extremely resistant toward the
conventional sterilization and decontamination techniques (e.g. [38, 39]) because of their unique
and stable secondary and ternary structure that cannot be easily altered.

Although the possibility to remove prions by means of non-equilibrium plasma discharges
has already been demonstrated by Baxter et al [40], the studies focusing on their removal
mechanisms are rather limited. This is primarily because of the necessity of high containment
laboratories due to the biohazard connected with such proteins. Therefore, in order to understand
the mechanisms of plasma—prions interactions, the effects of non-equilibrium plasma discharges
on non-pathogenic models of proteins were studied (e.g. [14], [41]-[48]) using different
methods for monitoring their elimination. The results of these studies reveal general important
facts regarding the action of low-pressure plasma discharges on proteins, and show the
possibility to remove them by oxygen-containing discharges, which induce their fragmentation
and volatilization after oxidation. Nevertheless, there is still a lack of systematic analysis related
to the protein removal efficiency under different experimental conditions as well as to the
identification of the principal mechanism of their elimination.

The results published in the literature lead us to the conclusion that low pressure plasma
processes, operated in conditions leading to high etching rates of organic matter, are the route
to pursue for the development of a treatment able to both sterilize and decontaminate surface of
medical devices, with a number of caveats that will be discussed at the end of this paper.

In order to get a better insight into the possibilities and limitations of low pressure plasma
discharges, two types of processes (direct and post discharge) will be presented and their effect
on different types of contaminations will be discussed.
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Figure 1. Schematics of the ICP reactor.

3. Experimental

3.1. Plasma treatments

Two different types of plasma reactors have been used in the present work.

The first type of discharge used is a planar double coil inductively coupled plasma (ICP)
source schematically depicted in figure 1. This plasma reactor allows igniting plasma discharges
with a power between 100 and 500 W, in a pressure range from 0.1 to 20 Pa and gas flows from
1 to 20 sccm.

The processing chamber has a volume of approximately 5 liters and is evacuated by primary
and turbomolecular pumps. The gas mixture used for the discharge is controlled by MKS mass
flow controllers. The biological samples were placed 20 mm from the bottom quartz window.

The second experimental set-up used is a microwave plasma reactor schematically depicted
in figure 2. It consists of a cylindrical stainless steel vacuum chamber having a volume of
approximately 12 liters, equipped with several diagnostics windows and one port for sample
introduction. The processing chamber is fed from a gas handling system composed of mass
flow controllers attached to the process gas lines and is evacuated by a primary pump and a roots
blower. The pressure in the chamber during plasma operation is regulated by an MKS butterfly
valve. The plasma discharge is generated at a total gas flow of 100 sccm at a pressure of 16 Pa
by a microwave source (excitation frequency 2.45 GHz, applied power 1000 W) introduced into
the plasma chamber through a silica window placed at the end of a circular 100 mm waveguide.
In contrast to the ICP set-up, the samples to be treated were placed outside the active plasma
zone at a distance of 300 mm from the quartz window, i.e. in the near post discharge, where
plasma densities are low, as indicated in table 1.

New Journal of Physics 11 (2009) 115017 (http://www.njp.org/)

80



7 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

@aaﬂtmn

Sample holder

Three-stub impedance
matching system

Microwave supply

Circulator

4

Si window

0, (K
| D8 -~

Figure 2. Schematics of the microwave plasma reactor.

Table 1. Electron density and electron temperature at samples position in used
reactors (MW: 1000 W, 100 sccm, 16 Pa; ICP: 350 W, 20 sccm, 10 Pa).

Gas mixture Ne (cm™3) Te (eV)

Reactor ICP MW ICP MW
Ar (8.340.1) x 10! 2+0.1)x10° 1.7+0.1 1.03+£0.03
(0)3 (2.0+£0.3) x 10" (2.540.4) x 10° 2.74+0.2 1.1£0.2
N, (1.84£0.2) x 101 (1.2+£0.1)x10° 26402 0.554+0.04

0,/N> (50:50) (1.8£0.1)x 10" (1.5£0.3) x 10° 2.6+£0.1 08402

In order to characterize the plasma discharges produced in both reactors, different
diagnostics methods were used, namely a Langmuir probe (SmartProbe™; Scientific Systems
Ltd) placed at the samples positions, optical emission spectroscopy (Avantes AVS-PC2000
monochromator equipped with a 2048-element linear CCD array) and mass spectrometry
(HALA4, Hiden Analytical). Moreover, the substrate temperature during plasma treatment has
been determined by IR pyrometry (Raynger MX4, Raytek).

The two reactors differ strongly by the conditions produced and the processes applied.
In the microwave (MW) reactor, the samples are placed outside of the active plasma zone and
submitted mostly to a flux of neutrals and radicals, while in the discharge in the ICP reactor, they
are also subjected to a significant ion bombardment. In other words, although in both reactors
comparable fluxes of active species reach the samples, which can be demonstrated for instance
by actinometric measurements of O atom density (see figure 3), the fluxes of charged particles
to the sample differ enormously, as can be seen from figure 4 and table 1, where the plasma
characteristics measured at the samples’ position are given for both reactors.

Moreover, the two reactors cause markedly different heating of the treated samples. For
instance, whereas temperature of Si wafer after 1 min of plasma duration in Ar was found to
be 180°C in the ICP reactor, only a slight increase of the substrate temperature was observed
in the MW reactor even after 10 min of plasma duration (see figure 5). Such a difference in
the heating of the samples could affect significantly the kinetics of the etching of biological
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Figure 3. Emission spectra of Ar/O; 9:1 discharges (MW: 1000 W, 100 sccm,
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Figure 4. Langmuir probe characteristic measured in Ar discharges at the
samples’ position (MW: 1000 W, 100 sccm, 16 Pa; ICP: 300 W, 20 sccm, 10 Pa).

samples or the sterilization process in general (e.g. [49]-[51]). Therefore, in order to limit
this side effect, preliminarily tests were undertaken to find out a treatment time allowing us
to neglect the heating influence. Based on these experiments performed at a variable treatment
duration, it has been found that the onset of the nonlinearity of the etching rate with treatment
time, which can be attributed to the temperature effect, starts when the substrate is heated to the
temperature of approximately 100 °C, that corresponds to the treatment duration around 30 s for
ICP discharge operated at 300 W (see figure 6). Therefore, for all the etching tests performed in
the ICP reactor the treatment duration was kept below 30s (i.e. in the case of longer treatment
times, the plasma treatment was performed in several consecutive steps).
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Figure 6. Etching of BSA for plasma treatment having variable duration (ICP
reactor, Ar/O, 20:1 mixture, 10Pa, 300 W). The numbers indicate substrate
temperature reached after end of each of the treatment steps.

3.2. Coating of proteins and amino acids

The samples were prepared by spotting an aqueous solutions (0.1% wt) of different selected
substances, namely bovine serum albumin (BSA), lysozyme, ubiquitin as representatives of
proteins and poly-L-histidine, on one-side polished, cleaned Si wafers. This substrate has
been chosen to allow a precise analysis of the decontamination mechanisms, but represents
an ideal case as compared with stainless steel substrates that present many surface defects
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Figure 7. 2D map of ellipsometric angle W of the BSA sample.

after repeated usage. After deposition, the samples were dried overnight in a common flow
hood. During the drying of the droplet, the deposit forms a thin central part with a thickness
of about 100 nm, surrounded by a thicker ring (coffee ring effect) as can be seen in figure 7
for the BSA sample. Both treated and untreated samples were subsequently examined by
various surface diagnostic methods: stylus profilometry (Alpha-step 1Q, KLA-Tencor), atomic
force microscopy (AFM type Solver PA7TH, NT-MDT Co.) and ToF-SIM spectroscopy (TOF-
SIMS 1V, IONTOF). Finally, the samples were visualized by imaging ellipsometry, which is a
diagnostic method based on the determination of changes in polarized light upon its reflection
from a scanned surface and allowing us to detect deposited material having thickness as low as
a few nanometers. Ellipsometry measurements were performed using a variable angle multi-
wavelength imaging ellipsometer (EP3, Nanofilm Surface Analysis GmbH) in air at room
temperature at a wavelength of 554.3 nm at an angle of incidence of 42° and a field of view of
2000 um x 2000 um. A conventional PCSA (Polarizer—Compensator—Sample—Analyzer) null-
ellipsometric procedure is used to obtain two-dimensional (2D) maps of ellipsometric A and W
angles [52]. In the following, the evolution of the A and W angles are used as a semi-quantitative
indication of the organic layer removal.

3.3. Coatings of bacterial endotoxins

The efficiency of the plasma treatment in terms of etching of pyrogenic biomolecules was
studied with LPS, peptidoglycan (PGN) and lipid A, the latter constituting the major pyrogenic
component of LPS. The samples were prepared following the same protocol used for deposition
of proteins and poly-L-histidine, i.e. by spotting small droplets of 0.1% wt aqueous solution
of these substances on polished Si wafers. The untreated samples as well as samples exposed
to plasma discharges were examined by the same surface diagnostic methods used for proteins
and poly-L-histidine. However, it has to be noted that in contrast to the protein samples, the
deposits of bacterial endotoxins were rather spatially inhomogeneous (see figure 8), which made
profilometric removal measurements unreliable.
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Figure 8. 2D map of ellipsometric angle W of the lipid A sample.

In addition, the biological activity of the surface (i.e. its pyrogenicity) was evaluated by
the ‘whole blood test’, which measures the production of interleukin IL-18, induced by the
contact between the contaminated surface and blood cells [53, 54]. To create a controlled
surface contamination by pyrogens, 24 well plates were incubated with 100 ul of pyrogen
solution (LPS, lipid A and PGN diluted in a range of 0.01-10ngml~' for LPS and lipid A,
and 0.1-10 ugml~" for PGN). The plates were dried overnight in a flow hood, exposed to the
plasma discharge and afterwards tested by the whole blood incubation the next day in order to
estimate remaining biological activity of the deposit. The surface biological activity was then
evaluated before and after treatment by measuring the IL-18 cytokine release from human whole
blood sample placed in contact with the surface treated. An enzyme-linked immunosorbent
assay (ELISA) is used to measure the release of IL-18, which is detected with commercially
available antibody pairs (RD systems, Space Import-Export srl.). Detection of the biotinylated
antibody is quantified by streptavidin-peroxidase (Biosource, Prodotti Gianni SpA) and its
substrate TMB (3,3’,5,5'-tetramethylbenzidine; Sigma). Recombinant cytokines were used as
standards (National Institute of Biological Standard and Control (NIBSC), South Mimms). Full
details on the procedure can be found in [54].

3.4. Bacterial spores

The effect of plasma discharges on bacterial spores was studied using stainless steel coupons
covered with a known number (about 2.5 x 10%) of Geobacillus stearothermophilus spores
(Raven Biological). As can be seen in figure 9, the spores on coupons are not disposed in a
monolayer but are stacked and shielded by organic matter, which has a major impact on the
treatment efficiency and kinetics.

Moreover, it has to be stressed that since the main aim of the present paper is to evaluate
the capability of different discharges to erode or etch biological contamination, the treatment
efficiency reported here refers solely to the degree of morphological changes of spores exposed
to plasma, which was determined by scanning electron microscopy (SEM LEO 435VP). To the
reader interested in further details concerning biological tests, we can recommend extensive
literature devoted to this topic [12, 13, 15, 16, 24].
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Figure 9. SEM image of untreated G. stearothermophilus.

4. Results obtained with the ICP discharge

The main objective of this section is to present a comprehensive study of plasma interaction with
biological systems with emphasis to their etching processes. In order to meet this objective, the
section is subdivided.

First, the experiments focused on the conditions leading to the fastest reduction of
deposited biological matter as well as on the identification of possible mechanisms contributing
to this process are presented. In these experiments, the etching rates of BSA selected as a model
substance are measured under different operational conditions (discharge mixture composition,
power and pressure). These results are then compared with the properties of the discharges
determined by in situ plasma diagnostics, which enables estimation of roles of different agents
leading to BSA removal.

Subsequently, the operational conditions identified to be the optimal for BSA elimination
are used for the plasma processing of other biological samples to test the universality of such
treatment on a wider set of different biological materials.

4.1. Model case of BSA

4.1.1. Screening tests. After the plasma treatment with an Ar/O, ICP discharge, visible
modifications of the protein samples were observed indicating gradual removal of the protein
deposit. An example of this behavior is given in figure 10, where the ellipsometric 2D maps of
the A angles of a BSA sample before and after plasma treatment are presented.

Moreover, the etching rate of the deposit, evaluated by surface profilometry performed on
the rings of the BSA spot, was found to be strongly dependent on the gas mixture used. This is
demonstrated in figure 11, where the results of screening tests performed in pure argon, and its
binary and ternary discharge mixtures with hydrogen, nitrogen and oxygen are summarized. It
can be clearly seen that Ar, Ar/H, and Ar/N, discharges lead to approximately the same rate
of BSA elimination (around 200 nm min~"), whereas BSA is removed markedly faster in Ar/O,
plasma at otherwise identical operational conditions (i.e. pressure, power and gas flow). The
removal rates obtained in this last case were higher than 600 nm min~', showing importance
of oxygen for fast volatilization of proteins. Moreover, it can be seen as well that etching
efficiency of Ar/O, discharge is not enhanced either by nitrogen or by hydrogen addition. This
also indicates that other molecular radicals produced in such plasmas, like OH or NO, whose
presence has been confirmed by OES (figure 12), do not contribute significantly to the process
of BSA elimination.
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Figure 10. 2D maps of the A angles of BSA (upper row) and corresponding
cross-sections (lower row) before treatment (a) and after 15s (b) and 120 (c) of
treatment in Ar/O, 20 : 1 mixture—protein dilution 1 mgml~", Si wafer.
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Figure 11. BSA etching rates—protein dilution 1 mg ml™', Si wafer, plasma
treatment 10 Pa, 200 W, 22 sccm.
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Figure 12. Optical emission spectra of Ar/O,/N, 20:0.5:0.5 (upper) and
Ar/O,/H; 20:0.5:0.5 (lower) plasma discharges (10 Pa, 200 W, 22 sccm).

4.1.2. Ar/O, plasma discharge—process optimization. As demonstrated above, the BSA
removal rate has been found to be the highest in Ar/O, mixture as compared with the discharges
sustained in other gas mixtures. In order to identify the optimal treatment conditions, the etching
rate was measured as a function of argon/oxygen ratio, pressure and applied RF power.

Regarding the dependence of removal rate on discharge mixture composition, it has been
found that the addition of oxygen into argon leads initially to a strong enhancement of the
BSA removal rate. Nevertheless, further increase of oxygen fraction in the Ar/O, mixture
above approximately 10-15% results in a gradual decrease of removal efficiency as depicted
in figure 13. Moreover, it can be seen that the pressure dependence of BSA etching rate changes
with discharge mixture composition: whereas in argon-dominated mixtures increase of pressure
causes increase of etching rate, the opposite trend has been observed in oxygen-rich mixtures.

Finally, the etching rate has been found to rise substantially with the applied RF power. For
instance, a power increase from 200 to 300 W resulted in almost double the BSA removal rate
in Ar/O; 20: 1.

4.1.3. Ar/O, ICP plasma discharge—study of etching mechanism

4.1.3.1. Influence of O atoms. As mentioned above, the capability of ICP discharges to
eliminate BSA protein is strongly dependent on the presence of oxygen in the discharge mixture.
Therefore, the main mechanism leading to the protein removal could be chemical etching. In
order to test this hypothesis, O atom density in Ar/O, discharges has been measured by mass
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Figure 13. Etching rate of BSA as a function of Ar/O, discharge mixture
composition (total gas flow 20 sccm).
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Figure 14. O atom density and BSA removal rate in Ar/O, (300 W, 10Pa,
20 sccm).

spectroscopy and the obtained results were compared with BSA etching rates. It can be seen
in figure 14 that the density of O atoms increases monotonically with rising O, content in
the discharge mixture in contrast to the etching rate, which shows a well-defined maximum
for Ar/O, ratio around 9 : 1. This finding therefore suggests that pure chemical etching is not
dominant, or at least is not the only mechanism that causes BSA removal.

However, changing the composition of Ar/O, discharge mixture not only causes changes
in the O atom density, but also in the density of positive ions as will be discussed later in the
text. Therefore, to exclude the possible effect of ions, additional experiments were performed
at fixed plasma density and variable O atom density, i.e. conditions achieved by simultaneously
decreasing the argon over oxygen ratio and increasing the applied RF power. The results of

New Journal of Physics 11 (2009) 115017 (http://www.njp.org/)

89



16 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

14

12+ 436
= m  Etching rate 5
E 1.0+ O O atom density - .
[ 133 ®
4 S
] - (=]
° 08 S
B g
T 064 2
<] 430 F
E 1w T e - =
2 04 :
< £
a

0.2 o 127

0.0 T T T T T T

0.0 25 50 75 10.0 125 15.0

0, %]

Figure 15. O atom density and etching rate at constant N; (10 Pa, total gas flow

20 sccm).
; § N, Removal rate 1.4
g o o] 5Pa
" T e —e— 10 Pa
107 b -12
m O
3 [ L) L1o B
N :
E L © . 08 <ED
. l=}
s §\§ 5
Z 10" 06 3
® @
. o4 T
B E\D 3
-\
L
0
10 B T T T T T T T 0.0
0 25 50 75 100
0, [%]

Figure 16. lon density and BSA removal rate in the Ar/O, discharge (300 W,
total gas flow 20 sccm).

these experiments revealed that the rate of BSA removal follows concentration of O atoms in
the discharge (figure 15), which clearly shows that there exists a correlation between these two
quantities.

4.1.3.2. Influence of charged particles. The removal of biological material from surfaces could
be attributed to sputtering of the deposit by charged particles. However, this mechanism does not
seem to be the major cause of the observed effects: the density of charged particles dramatically
decreases with increasing O, fraction in the discharge mixture (see figure 16), which is in
contrast to the evolution of the etching results. Furthermore, the energies of ions, measured by
ion mass spectrometry, are too low to enable effective sputtering of BSA protein (figure 17):
based on the preliminary experiments using ion beams with variable ions energy, effective
organic material sputtering requires ion energy beyond 150-200eV [55, 59].

New Journal of Physics 11 (2009) 115017 (http://www.njp.org/)

90



17 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

3

—a—0

—a—Ar

Counts [a.u.]

Energy [eV]

Figure 17. Energy distribution of positive ions (Ar/O, 20: 1, 10 Pa, 200 W).

1.6 8x10"
s
144 ; - 7x10"
124 / 4 ex10"
£ ;TE 1
E 104 - - sx10
E- -
o 084 3 J ax10™ =
o — . =
M
= a 11 3‘
2 06 —m— Etching rate 310" —*
:Cg O lon density
i 0.4+ - 2x10"
0.2 - 1x10"
DO T T T T T T 0
200 220 240 260 280 300
RF Power [W]

Figure 18. Comparison of ion density and the rate of BSA removal at constant
O atom density (10 Pa, total gas flow 20 sccm).

Analogous to the case of evaluating the effect of O atoms, further experiments were
performed at constant O atom density and variable plasma density. Such conditions were
achieved by increasing applied RF power at fixed Ar/O, mixture composition and pressure,
as verified both by mass spectrometry and OES. The results obtained in this set of experiments
are summarized in figure 18, which shows that the rate of BSA removal follows plasma density.
Since O atom density variations in these experiments are negligible, this result indicates the
important contribution of charged particles to the process of protein elimination.

4.1.3.3. Combined effect of O atoms and ions. As demonstrated in the previous sections, the
variation of the BSA removal rate with composition of the Ar/O, discharge mixture cannot be
fully explained either by pure chemical etching connected with atomic oxygen or by sputtering
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Figure 19. Optical emission spectra of Ar/O, 20: 1 plasma discharge with and
without BSA sample in the ICP reactor acquired after 10s of plasma duration
together with their difference.

of the protein by energetic ions: it has been found that atomic oxygen alone does not contribute
significantly to the etching of the films, while Ar sputtering is observed only at energies much
higher than those measured in our experiments. Nevertheless, it was found that O atoms and
ions together contribute to the process and therefore it can be assumed that their synergetic
action is behind the observed behavior of the BSA removal rate. One possible reaction scheme
combining the effects of O etching and impact of ions is the process of chemical sputtering. In
this reaction scheme, the role of ions is a cleavage of bonds in the protein structure. This occurs
by the displacement of atoms caused by impact of energetic ions, which leads to the creation
of dangling bonds and thus to the rise of radical sites close to the protein surface. Such created
sites react with impinging oxygen atoms leading to the formation of volatile products (such as
CO, NO and OH) that are indeed observed in the emission spectra in the initial stage of plasma
treatment (figure 19). These two sequences have to occur simultaneously because the passivation
of an open bond by O species needs to happen faster than recombination in the cascade volume.
In other words, cleavage of bonds in the protein structure by ions facilitate surface reaction of
O atoms and enhance their natural capability to volatilize organic substances.

Obviously, the efficiency of this process is governed by fluxes of both ionic species and
oxygen atoms to the protein surface, and the ratio of ion/atom fluxes need to be high to observe
this effect. Whereas O atom density, and thus the flux of O atoms, increases with increasing O,
in the discharge mixture (figure 14), leading to an enhancement of the removal of proteins, the
density of charged particles steeply decreases at the same time (figure 16). The latter reduces
the creation of defects in the protein film and consequently lowers the number of active reaction
sites, thereby limiting the etching rate of the film. These two opposing effects can explain the
appearance of a well-defined maximum of the etching rate at the conditions representing an
optimal trade-off between the radicals’ production and ion density.

This reaction scheme has also been observed in experiments performed on bacterial
spores [56]-[58] and proteins [59] with Ar ions and O neutral beams applied for mimicking
plasma effects. These experiments demonstrated the synergetic effect of O radicals and ions on
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Figure 20. AFM images of 1 x 1 um section of BSA surfaces (a) before treat-
ment and after 1 min treatment in (b) argon and (c) Ar/O, 20 : 1 mixture (plasma
treatment 10 Pa, 200 W).

decontamination of surfaces, further supporting the role of chemical sputtering in the removal
of biological films by low pressure plasma discharges.

4.1.4. Detailed characterization of treated samples. In order to better characterize changes of
chemical composition and morphology of protein samples, further experiments were performed
using atomic force microscopy (AFM) and time-of-flight secondary ion mass spectroscopy
(ToF-SIMS) on protein films before and after treatment.

It has been found that the etching of the protein films is not homogenous but accompanied
by a strong increase of their roughness (see figure 20) indicating a spatial inhomogeneity of the
etching process.

Moreover, a detailed investigation of temporal evolution of root mean square (rms)
roughness of BSA samples exposed to plasma discharges revealed three distinct phases (see
figure 21):

e Initially the rms roughness increases relatively slightly with the amount of removed
material (denoted as phase I).

e After removal of a sufficient quantity of the protein film, a second phase starts, which is
characterized by an enhanced increase of the rms roughness with increasing amount of
removed BSA.

e Finally, as soon as the amount of removed material reaches a value close to the initial
thickness of protein deposit, the surface roughness starts to decrease with further protein
removal.

Whereas the transition between phases II and III, observed also in previous study [60], can
be easily identified as the point at which underlying Si substrate is locally reached by plasma
treatment, the transition between phases I and II remains unclear. This phenomenon has already
been observed in other studies, for instance, during the plasma etching of polymer resist, where
it was attributed to an amplification of initially random defects created at the surface, related
to a local preferential sputtering due to the change of angle of incidence of ions impinging the
defects’ surface when the surface topography evolves.

Another possibility can be related to the presence of inorganic compounds or impurities
in the protein native structure or preparation (sulphur, sodium, calcium, etc). Plasma discharge
in the first phase volatilizes carbon-containing species, but due to the presence of inorganic
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Figure 21. Variation of rms roughness with the total amount of etched material.
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Figure 22. ToF-SIMS 2D maps of distribution of C;H¢N and Ca on samples
treated in Ar/O; 20 : 1 mixture (10 Pa, 200 W).

compounds that are distributed in the deposit, certain parts of protein surface will be enriched
in such compounds, which are much more difficult to remove. Subsequent plasma action will
therefore remove preferably the parts not covered by these inorganic residuals. The delayed
onset of the phase II can be—under this hypothesis—caused by time needed for the formation
of local sites with high density of non-volatile residuals.

Although another series of dedicated experiments are still necessary for identification of
process leading to the observed time evolution of surface roughens of treated samples, the
presence and densification of non-organic compounds with treatment time has been confirmed
by means of ToF-SIMS analysis. As is demonstrated in figure 22, the organic compounds
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Figure 23. Temporal variation of height decrease of BSA, lysozyme, ubiquitin
and poly-L-histidine (left panel) and corresponding removal rates (right panel)
(Ar/0O, 20:1, 10 Pa, 200 W).

characteristic for proteins (C, H, O and N containing compounds) gradually disappeared from
mass spectra with plasma treatment, the fraction of inorganic compounds increases and finally
such compounds represent the only remaining material.

4.2. Application of Ar/O, plasma for elimination of other biological species

In order to demonstrate the capability of Ar/O, ICP plasma discharge optimized for BSA to
remove other biological deposits, further experiments were performed using different proteins,
as well as poly-L-histidine, lipid A and bacterial spores. To limit the heating of the samples
during their plasma treatment, the applied RF power was decreased to 200 W.

Regarding the plasma etching efficiency of different proteins and poly-L-histidine, i.e. one
elemental building blocks of proteins, we observe only relatively small differences in terms of
their etching rates as depicted in figure 23. However, these differences can be caused by variable
presence of inorganic compounds—for instance poly-L-histidine solution was prepared from
HCl-containing powders—whose presence could influence the removal efficiency. Moreover,
it should be noted that a recent study performed on different homopolymers of amino acids
revealed that their etching rates are very similar in spite of their distinct chemical properties [61].
This finding, i.e. similarity of the etching rates of various biomolecules, supports the proposed
mechanism of chemical sputtering. For the initiation of the destruction of biomolecules, active
sites have to be formed on their surfaces. In the case of pure chemical etching in oxygen
containing mixtures, this is achieved by hydrogen abstraction from the polymeric structure,
which is a process highly dependent on the exact chemical structure of treated substance. In
contrast, in the case of chemical sputtering, the active sites are generated by bond cleavage
caused by impact of energetic ions, which is rather insensitive to the chemical composition of
treated biomolecules in this energy range. This in turn makes the exact chemical structure of
treated substance irrelevant for resulting etch rate as observed in our experiments.

As mentioned above, the samples of bacterial endotoxins were highly spatially
inhomogeneous and therefore it was not possible to estimate their removal rate directly.
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Figure 24. 2D maps of ellipsometric angle A and corresponding cross-sections
of lipid A sample (a) untreated (b) treated 10s and (c) sample treated 270 s in
Ar/0O, 20: 1 plasma (10 Pa, 200 W).

However, imaging ellipsometry showed that similarly to the previous cases, lipid A and PGN
can be readily removed from the surface by Ar/O, plasma as can be seen in figures 24 and 25,
which show 2D maps of ellipsometric angles A of untreated and plasma treated samples together
with their typical cross-sections.

Finally, it has been found that bacterial spores can also be significantly eroded by Ar/O,
plasma discharge as demonstrated in figure 26. This finding clearly demonstrates, contrary to
the statements made previously [62], that etching can significantly contribute to the sterilization
process; etching can explain fast inactivation of bacterial spores in those plasma discharges
where only limited intensity of UV radiation is produced.

Nevertheless, our results also revealed a significant difference between plasma treatment of
biomolecules and spores: namely temporal nonlinearity of the etching rate and the much lower
values obtained in the case of spores (see figure 27). This is most likely due to much higher
fraction of inorganic compounds in the spores’ outer walls than in the protein samples, which
reduces the efficiency of the process.

4.3. Concluding remarks

It has been demonstrated that the ICP plasma discharge is capable of effectively removing or
eroding a wide range of biomolecules having distinctly different chemical structures as well as
bacterial spores representing highly resistant types of micro-organisms. Regarding the rates of
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Figure 25. 2D maps of ellipsometric angle A and corresponding cross-sections
of PGN sample (a) untreated (b) treated 10s and (c) sample treated 270 s in
Ar/0, 20: 1 plasma (10 Pa, 200 W).

these processes, their highest values can be achieved in an Ar/O, discharge mixture. It has been
shown that this is a result of not only high fluxes of O atoms reaching the treated samples but
also by the action of ions bombarding their surfaces and thus promoting creation of surface
active sites. Moreover, it should be noted that this discharge mixture was already found to
inactivate effectively bacterial spores (e.g. 6 log reduction of surviving spores was reported to be
achieved within 40 s of plasma treatment under similar operational conditions [61]). Therefore,
the plasma treatment based on the Ar/O, discharge mixture has all the pre-conditions to be a
highly universal sterilization and decontamination method.

In spite of these highly encouraging results, certain drawbacks of the process based solely
on extensive etching of pathogens have to be mentioned.

Firstly, it has been demonstrated that Ar/O, plasma is not well suited for volatilization
of inorganic compounds. This results in severe implications for application of this approach in
a real situation, when the pathogens are for instance mixed with salts originating from body
fluids or contain such compounds per se, as in the case for bacterial spores. The markedly
lower etching rates connected with presence of inorganic compounds implies the necessity of
longer treatment duration that consequently represents risk of degradation of treated objects
by their extensive heating. The effect of heating can be significantly reduced either by pulsing
the discharge, or—as suggested recently for the case of bacterial spores—by application of
ternary Ar/O,/N, [63, 64], or Ar/NO [65] mixtures providing not only high etching rates but
also intense UV radiation capable of inactivating spores effectively. However, the persistence of
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Figure 26. SEM images of (a) untreated G. stearothermophilus spores and spores
treated for (b) 30s (c) 60s and (d) 120s (Ar/O, 20: 1, 10 Pa, 200 W).
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remaining inorganic material, whose relevance for the safety of medical instruments still needs
to be investigated, seems to be the limiting factor of the process based on oxygen-containing
mixtures.

Secondly, the conditions suitable for effective etching of biological samples can cause
etching also of surfaces of polymer-based instruments, or at least could induce significant
alterations of their chemical and physical properties. For instance, recent comparison of the
effect of different sterilization methods on polyethylene glycol coatings revealed that their
exposure to plasma leads to a much faster decrease of their non-fouling character as compared
with traditional sterilization techniques [66]. Therefore, other approaches have to be developed
to limit these undesirable effects.

5. Results obtained with the MW discharge

As mentioned above, basing sterilization and decontamination of surfaces solely of etching
has certain drawbacks, connected mainly with undesirable etching of polymeric substrates.
Moreover, it has been demonstrated that for fast etching of biomolecules, high flux of ions on
their surfaces is necessary. Therefore in order to reduce the possible impact of plasma processes
on the treated objects, further experiments were performed using a MW plasma reactor with
samples placed downstream of the active discharge.

5.1. Etching of proteins

As expected, placing samples outside the active plasma zone has a strong impact on the etching
of biomolecules: whereas in the case of the ICP reactor the BSA etching rates were typically
higher than 200 nm min~', the values obtained in the case of a post discharge were not greater
than several nanometers per minute as can be seen in figure 28, which compares BSA etching
rates in different gas mixtures.
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13 Pa, 100 sccm).

Moreover, the optimal discharge mixture in terms of BSA removal differs for the two
employed plasma discharges: whereas in the case of ICP discharge, the fastest BSA removal
was achieved in Ar/O, mixture having low fraction of oxygen, the discharge offering highest
efficiency of removal of BSA in the MW reactor is the one sustained in an O,/H, mixture.
However, unlike the case of ICP discharge, the increased etching rate after hydrogen addition
into oxygen discharge cannot be explained by chemical sputtering, since both O atom density
and ion density decrease with increasing amounts of hydrogen as can be seen in figure 29.
Therefore, the observed tendency has to be explained purely by action of chemically active
radicals produced under such conditions. In order to volatilize organic compounds, active sites
have to be created on the deposit surface first, which can be done either by impact of ions as
described in the previous section, or by abstraction of hydrogen from the polymeric structure
of treated material. This can proceed by chemical reaction with atomic oxygen, but also by
reaction with H atoms or highly reactive OH radicals, both effectively produced in O,/H,
plasma discharge (see figure 30), which can in turn explain the observed results.

5.2. Bacterial endotoxins

Similarly to BSA protein, the fastest removal rate of bacterial endotoxins can be achieved in
the MW reactor in O, /H, mixture as reported previously [14]. However, the rate of this process
is again markedly lower than that obtained in the ICP reactor. Nevertheless, biological tests
performed on untreated and treated samples showed significant decrease of their bio-activity
after their exposure to the plasma discharge. Concretely, as can be seen in figure 31, the
bioactivity of 1ng of coated LPS decreased after 5min of the treatment to the value lower
than that corresponding to the pyrogenicity of 0.001 ng of the initially deposited material.
In other words, 5min of plasma treatment is sufficient to cause decrease of LPS bioactivity
corresponding to more than 3 log lower than initial contamination.

Similar depyrogenation efficiency was observed for other hydrogen containing discharge
mixtures (see figure 32) that offers even markedly lower etching rates of pyrogens than that
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Figure 31. LPS pyrogenicity before and after its treatment in O,/H, 50: 50 MW
discharge (1000 W, 13 Pa, 100 sccm).

obtained in O,/H, mixture [14]. This is a finding of high importance, since it clearly shows
that depyrogenation of surfaces can be reached not only by physico-chemical elimination of
pyrogenic substances from surfaces as in the case of ICP discharge but also by alteration of
their chemical structure.

In order to evaluate the chemical changes leading to the suppression of the pyrogens’
bioactivity, ToF-SIMS analysis was performed on treated and untreated Lipid A, i.e. pyrogenic
center of LPS. As can be seen in figure 33 and in detail in figure 34, treatment in hydrogen
containing mixtures cause significant changes in the ToF-SIMS spectra, namely rapid decrease
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of the peaks originating from the fatty acid chains (e.g. C12H,30, and C4H»;0,) as well as
substantial alterations of phosphoryl groups (PO, PO,, PO; and PH,0y,), i.e. two parts of lipid
A structure suggested to govern its bioactivity.

However, the mechanism leading to such modification is still not clear, and it should be
noted that a similar effect has been observed after irradiation of lipid A samples by intense
VUV radiation emitted by a deuterium lamp having the peak of radiation intensity at 162 nm
(see figure 35), which shows that VUV radiation removes peaks corresponding to the whole
lipid A molecule as well as its major fragments. Therefore, one possible explanation refers to
the degradation of lipid A induced by intense VUV radiation emitted by hydrogen-containing
plasma discharges.

5.3. Concluding remarks

As was demonstrated on the example of the MW reactor, placing samples to the plasma
afterglow reduces drastically the removal rate of the biomolecules. This effect is produced
predominantly by the significant decrease of ion flux reaching surface of the samples, which in
turn leads to the lowering of the importance of chemical sputtering that plays a major role in the
active discharge. However, this effect can be seen from two different points of view, depending
on the particular application. It is obvious that lowering etching rates of organic materials slows
down the efficiency of the sterilization and decontamination process and thus represents a clear
disadvantage as compared with the treatment done in the active plasma zone. In contrast, this
approach lowers adverse impact of the treatment on the integrity and properties of processed
instruments. Moreover, it has been demonstrated as well that even under conditions leading
to almost negligible physico-chemical removal of biomolecules from surfaces, it is possible to
find out conditions leading to the fast decrease of their bioactivity. Nevertheless, concerning this
issue, it is important to stress that optimal conditions for inactivation of biological pathogens are
strongly dependent on their nature. As an example of the selectivity of plasma post-discharge,
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Figure 33. ToF-SIMS spectra of untreated lipid A (a) and lipid A treated 10s
in (b) Ar/H, 50:50 and (c) O,/H; 50:50 MW discharges (1000 W, 13 Pa,
100 sccm).

the inactivation of bacterial spores requires high intensity of UV radiation that cannot be
achieved in hydrogen-based mixtures found to be advantageous for depyrogenation of bacterial
endotoxins. Therefore, the process based on the inactivation lacks universality of the process
based on the extensive etching of biological systems. Moreover, it is still not clear whether
chemical inactivation is possible for all types of pathogens.

6. Conclusions

While the use of plasma discharges for the sterilization of bacterial spores has been studied in
detail in the past few years, relatively fewer results have been published concerning the removal
of proteins and pyrogens from surgical instruments. Recent studies revealed, however, that the
limited effect of the present decontamination and sterilization procedures pose a real public
health problem. Therefore, the possibility to eliminate such biomolecules by two types of low-
pressure plasma treatment was addressed in this study.
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Figure 34. Part of ToF-SIMS spectra of untreated lipid A and lipid A treated 10 s
in different MW discharges (1000 W, 13 Pa, 100 sccm).
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Figure 35. (a) Geometry of grid placed on the lipid A sample and corresponding
2D chemical maps of samples irradiated by VUV lamp, (b) whole lipid A image,
(c) C12H230, peaks and (d) C4H,;0, peak (the squares correspond to lipid A
exposed to VUV and destroyed by the radiation).

It was demonstrated, using model proteins and peptides, that biomolecules having

distinctly different properties can be efficiently removed by directly exposing the surface to
be treated to low pressure ICP discharges. Analysis of various discharges shows that Ar/O,
mixtures are the most efficient for a fast removal of these residues by a mechanism related
to chemical sputtering involving both radicals and ions. This mechanism also intervenes for
bacterial spores that are inactivated and destroyed by etching as well, which is advantageous
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mainly with respect to the universality of this approach. Nevertheless, the etching of
biomolecules could be accompanied by etching of substrate materials.

Different conclusions can be drawn concerning treatment performed in a post discharge.
Although in this case it is still possible to sterilize bacterial spores laying on a surface by
the UV radiation emitted in post-discharge or inactivate pyrogens by the chemical reaction of
radicals with their surfaces, the protein removal rates observed in a post discharge are much
lower as compared with a direct plasma treatment. This result illustrates the problem related to
the treatment of real surgical instrument surfaces: since the practical experience obtained from
hospitals shows that protein residues can be found on a significant proportion of surgical tools
after the decontamination, the strategy relying on a post discharge treatment can be questioned,
since no assurance can be given that these residues will be harmless after treatment. These
findings have a serious implication on the type of material that can be treated without serious
deleterious effects.

However, our results have to be confirmed by experiments on more relevant types of
contamination (involving inorganic compounds, lipids, blood, etc), since complex matrices can
significantly reduce the etching rates obtained on pure proteins.
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Elimination of Homo-Polypeptides of Amino
Acids from Surfaces by Means of Low Pressure
Inductively Coupled Plasma Discharge

Ondrej Kylian, Hubert Rauscher, Benjamin Denis, Laura Ceriotti,
Francois Rossi*

The action of low-pressure inductively coupled plasma discharge on selected homo-polypeptides of
amino acids, i.e., fundamental building blocks of proteins, has been investigated in order to
evaluate their removal rates under different treatment conditions. It has been found that the
removal rates of the homo-polypeptides studied are strongly linked to the composition of the

plasma discharges, but they are almost insensitive
to their chemical composition. This provides an
indication that all proteins could be removed at
similar rates by a given plasma discharge, which is
a finding of paramount importance mainly with
respect to decontamination of surfaces and elim-

ination of infectious proteins like prions.

Introduction

Inactivation of living micro-organisms as well as elimina-
tion of diverse pathogenic biomolecules, which can be
present on surfaces of medical instruments, is of paramount
importance in health care facilities. However, according to
recent studies pointed on the evaluation of the level of
biological contamination of reprocessed medical equip-
ment, it appeared that the currently used sterilization and
decontamination methods are in many cases inadequate to
assure complete inactivation or elimination of biological
pathogens, which is especially true in the case of
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proteins.*= As a result, a large number of medical instru-
ments exhibits a high degree of protein soiling after their
routine sterilization and decontamination, which imposes a
risk for the patients’ health connected with possible
transmission of severe diseases classified as transmissible
spongiform encephalopathies (e.g., Creutzfeld—Jacob
Disease).[4] Therefore, there is an urgent demand from the
side of hospital sterilization services for the development of
improved sterilization and decontamination methods.

One of the intensively discussed options to overcome
limitations of the traditional decontamination techniques
consists in the application of non-equilibrium plasma
discharges. This is in the first place due to the capability of
such plasma discharges not only to inactivate bacterial
spores (e.g., review articles®®)), but also to eliminate a wide
range of biological pathogens, comprising bacterial endo-
toxins,°*?! and infectious prions.!**! Furthermore, the non-
toxicity of commonly used gases and gas mixtures is also an
advantage because it reduces environmental risks. Last but
not least, plasma discharges operate, under appropriate
conditions, atlow temperatures, and allow the treatment of
thermo-degradable objects.

However, it should be noted that the knowledge
regarding the possibility of prions removal by means of
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plasma discharges is rather limited. This is mainly due to
the extremely high level of biohazard connected with these
biomolecules thatinturnrepresents a serious restriction for
routine testing and optimization of the plasma treatment.
In order to overcome this principal obstacle, non-patho-
genic proteins were used as model systems to study the
mechanisms of plasma—protein interactions as well as for
identification of favourable conditions for their elimina-
tion.*421 Although it has been shown recently that
different proteins (namely bovine serum albumin, lyso-
zyme and ubiquitine) can be removed from surfaces at
the same treatment conditions with similar rates,]
the generalization of this finding to other proteins,
including infectious prions, is rather questionable
because of the limited set of proteins used so far and the
large variety of chemical and structural properties of
proteins. Although it is in principle possible to repeat
experiments using more non-pathogenic proteins as
sample substances, the generalization of the results is
going to remain still of relevance.

Therefore, instead of evaluating the removal rates of a
larger number of proteins, a different strategy is proposed
in this study. It is based on the evaluation of the removal
efficiency of plasma discharges for different amino acids,
which constitute from the biological point of view the
fundamental building blocks of all proteins. Determination
of removal rates of different amino acids and their
variations with the discharge mixture composition can
subsequently improve understanding of plasma interac-
tion with the whole protein.

The main intention of this article is therefore (i) to
determine the removal rates of different homo-polypeptides
of amino acids treated in low-pressure inductively coupled
(ICP) plasma discharges and (ii) to identify the conditions
leading to their fastest elimination from surfaces. To meet
this general aim, three homo-polypeptides of amino acids
that differ significantly in their chemical composition,
namely poly(-histidine), poly(i-lysine) and poly(-arginine),
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have been exposed to ICP discharges sustained in argon and
its mixtures with nitrogen and oxygen and their removal
efficiency has been evaluated by imaging ellipsometry.

Experimental Part

Sample Preparation and Evaluation of the Effect of a
Plasma Treatment

Aqueous solution (0.1 wt.-%) of poly(t-histidine), poly(i-lysine) and
poly(t-arginine) (Sigma Aldrich), whose chemical structures are
given in Table 1, were spotted by a programmable automatic
piezoelectric spotter S3 sciFLEXARRAYER (Scienion AG, Germany)
on one side polished Si wafers, and allowed to dry in common flow
hood. For the preparation of the samples, four droplets with a
volume of 0.4 nl each were deposited from a glass nozzle of 80 pm
diameter to create spots with a pitch of 500 pm.

For the analysis of the samples before and after plasma
treatment, imaging ellipsometry was employed. This non-contact
optical method is based on the measurement of variations of the
polarization state of light reflected from a surface and allows
determination of the thickness of the deposit from measured
ellipsometric A and s angles by solving Fresnel’s equations, using a
suitable optical multilayer model. Allmeasurements reportedin this
article were performed using a variable angle multi-wavelength
imaging ellipsometer (EP3, Nanofilm Surface Analysis GmbH) in air
at room temperature at an angle of incidence of 42° and a field of
view of 2000 wm x 2 000 pm. A monochromatized Xe-arclamp
tuned to a wavelength of 554.3 nm was used as a light source. A
conventional PCSA (polarizer—compensator—sample-analyzer) null-
ellipsometric procedure is used to obtain 2D maps of ellipsometric A
and s angles.?? The optical modelling needed for the determination
of the thickness of the deposits was carried out with a commercial
program provided with the ellipsometer (EP3View), using a three
layer structure (Si/SiO,/homopolymer of amino acid).

Plasma Treatment

The samples were treated using a low-pressure, double coil, ICP
plasma source schematically depicted in Figure 1. The plasma
reactor, already used and described in previous studies 22 consists

[l 7able 1. Structures and molecular weights of the three used homo-polypeptides of amino acids.

Poly(r-histidine) Poly(r-arginine) Poly(r-lysine)
hydrochloride hydrochloride hydrochloride
H HNy NH,
N =
L " 0
N . % H
N .
Tg/\!qﬂm N H I TH/\!q HCI
" H o n
Molecular Molecular weight Molecular weight

weight >5 000
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M Figure 1. Schematic of the plasma reactor.

of a cylindrical stainless-steel vacuum chamber (diameter 200 mm,
height 100 mm) connected toa pumping stage, which is composed of
a primary pump and a turbomolecular pump and to a gas inlet
system made from mass-flow controllers with operational ranges of
0.5-50sccm. Below the quartz window at the bottom of the discharge
chamber, two spiral RF coils are placed. The two coils are connected to
the RF generator working at 13.56 MHz by a tuneable matching
network that adapts the total discharge impedance (plasma plus
antennas) to the output impedance of the power supply. Inthe study
reported here, the plasma treatment was performed in discharges

A) B)
1200
1 Al]
140,0
1000 1458
1 151,5
157,3
800 4 163,0
T 168
E- E 1745
£ o o
> X
400
200 +
0-t——7F—
200 400 200 400

X [um] X [um]

O. Kylian, H. Rauscher, B. Denis, L. Ceriotti, F. Rossi

sustained in pure Aras well asits 20:1 mixtures
withnitrogen and oxygen ata pressure of 10 Pa
and an applied RF power of 200 W. In all the
Ar experiments, the reflected RF power was kept
below 3W and before each treatment the
discharge chamber was evacuated to a base
N, pressure below 0.01 Pa.
The plasma discharges were characterized

Optical emission

by Langmuir probe (SmartProbe, Scientific
spectrometer

Systems Ltd.), mass spectroscopy (PSM probe,

yopolymers

«— Si wafer
I I Quartz table

Hiden Analytical Ltd.), optical emission
spectroscopy (Avantes AVS-PC2000 mono-
chromator equipped with a 2048-element
linear CCD array). In addition, the substrate
temperature was measured by infrared pyro-
metry (Raynger MX4, Raytek) through an IR
transparent window temporarily mounted on
the upper diagnostics flange instead of the
mass spectrometer.

The samples to be treated were placed on a
quartz support serving as a sample holder. The
distance between the bottom quartz window
and the samples was 20 mm and the samples’ position was as
indicated in the detail of Figure 1.

Results and Discussion

Characterization of Untreated Samples

As can be seen in Figure 2, which shows 2D maps of the
ellipsometric angles A and s of untreated samples together
with a calculated thickness map and typical height profiles

C)
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Figure 2. 2D maps of the ellipsometric angles A) A B) i C) calculated 2D thickness map together with a D) typical height profile of the
deposits. (poly(t-histidine) (top), poly(i-arginine) (middle) and poly(i-lysine) (bottom)).
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of the deposited homo-polypeptides, all three substances
used in this study form after drying a well-defined ring
structure similar to the one observed for protein samples
prepared in similar conditions:1>”) at the border of the dried
droplets, a relatively thick ring is formed, whereas in
the central region, the coating is considerably thinner.
Moreover, slight differences in the height profiles of
the employed homo-polypeptides can be observed. The
deposits were found to be the highest in the case
of poly(i-histidine), followed by poly(i-lysine) and
poly(t-arginine), which might be related to the difference
inmolecular weight of the different molecules (see Table 1).

Characterization of Plasma Discharges

The investigation of the processes occurring at the
interfaces between plasma and biological systems is a
highly challenging issue, which is mainly due to the
complexity of plasma discharges that act as a source of
energetic radiation and neutral or charged particles. All of
these interact with the biological samples and could thus
contribute to the overall process of biomolecule elimina-
tion. Therefore, the determination of the properties of
plasma discharges is very important, since it gives a
fundamental knowledge needed for the correct assessment
of the various processes occurring during plasma treat-
ment. Therefore, the plasma properties, i.e., plasma density,
energy distribution of ions impinging the sample surface,
heating of the samples and the presence of highly reactive
atomic species, were first determined by means of various
diagnostics methods. The results obtained are given below.

First, the initial discharge mixture composition has a
strong effect on the overall density of charged particles. It
was found that the plasma density is highest in the case of

[O,1/([Ar] +[O,))
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1.0x10%
m- Ar/O,
8.0x10"" 4 ~0- ArIN,
..E- 6.0x10"" .
O,
>
4.0x10"" -,
LN
O
| ]
2.0x10 o
o -
(¢] o - o
T T T T T
0.00 0.05 0.10 0.15 0.20
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Figure 3. Electron densities determined by Langmuir probe for
different gas mixtures (200 W, 10 Pa).
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an Ar discharge and rapidly decreases with addition of N,
or Oy, as can be seen in Figure 3, which summarizes the
Langmuir probe measurement of corresponding electron
densities. This effect can be ascribed to higher electron
energy losses in molecular gases than argon discharges:2*
the energy supplied to the discharge is consumed in
molecular gases not only for ionization, but also for
vibrational and rotational excitations. Addition of mole-
cular gases consequently leads to enhancement of such
losses and less energy is available for ionization, which
results in a lower plasma density.

The decrease of the plasma density with addition of a
molecular gas to an Ar plasma is accompanied by the
appearance of various positive atomic and molecular ions
(0" and 05 inthe case of Ar/O, plasmaand N* and Nj inthe
case of a discharge sustained in an Ar/N, mixture) as
measured by mass spectrometry. Furthermore, admixing
molecular gases to an Ar plasma slightly modifies the ions’
energy distribution function as demonstrated in Figure 4.
Nevertheless, it has to be noted that the ion energy does not,
under the experimental conditions used in this study,
exceed 10 eV, i.e, the ions energy is too low for significant
physical sputtering of biomolecules.
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Figure 4. lon energy distribution function in A) Ar/O, (20:1)
B) Ar/N, (20:1) and C) argon plasma discharges. (200 W, 10 Pa).
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I Figure 5. Optical emission spectra of A) Ar/O, (20:1) and B) Ar/N,
(20:1) plasma discharges. (200 W, 10 Pa).

In the emission spectra of the two discharge mixtures
that contain molecular gases, it was possible to detect
spectrallines of atomicspecies. More precisely, in the case of
a discharge sustained in Ar/O, mixture, intense spectral
lines of atomic oxygen were observed at wavelengths of
777.4 and 844.6 nm, whereas weak spectral lines of atomic
nitrogen (e.g., lines at wavelengths of 821.6, 822.3 and
824.2nm) were detected in the case of Ar/N, plasma, as
depicted in Figure 5. Although the intensities of the Nand O
atom lines differ significantly, their presence in the
emission spectra is an indication that, in both discharge
mixtures, a considerable fraction of the molecular gas is
dissociated, which gives rise to the density of atomic
species, i.e., the species reported to play a dominant role in
the interactions of plasma with biological materials
because of their high reactivity.

Finally, the composition of the discharge also affects the
heating of the treated substrate. Regarding this aspect, the
highest rise of the substrate temperature was found in
discharge sustained in pure argon, whereas the lowest
temperature increase was observed in Ar/N, plasma
discharge as demonstrated in Figure 6.
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I Figure 6. Time evolution of substrate temperature for different
200 W, 10 Pa).

Plasma Treatment of the Deposits

Plasma treatment considerably modifies the appearance of
the samples, which indicates that the deposited homo-
polypeptides are gradually removed from the surface (see
Figure 7). Moreover, it can be seen that the removal rate is
strongly linked to the gas composition: whereas Ar and
Ar/N;treatmentsresultinonly aslight and almostidentical
decrease of thickness of the deposits —reaching values in
the range 200-250 nm-min '—an oxygen containing
discharge eliminates all three homo-polypeptides consid-
erably faster (the observed removal rates lie in the range
500—-600 nm - min %), in good agreement with previously
reported results obtained with protein samples.[2%21]

Taking into account the results presented in the previous
section as well as previously reported evaluation of the
intensity of UV radiation emitted by the employed plasma
discharges, the following conclusions can be made:

i) The effect of homo-polypeptides elimination is not due
to physical sputtering by ions. The evidence supporting this
conclusion is twofold. First, the plasma density rapidly
decreases after addition of the two molecular gases in to
the Ar plasma (Figure 3), which does not conform the
observed rates of homo-polypeptides elimination. Second,
although a slight increase of the ion energy was observed
when O, or N, was added to the Ar plasma (Figure 4), the
energy of ions remains too low for effective sputtering of
biological materials.

ii) Although it has been already demonstrated that
etching of biological substances can be significantly
enhanced by rising the sample temperature (e.g., the
etching rate of proteins induced by O atoms was reported to
increase more than five times when increasing the
temperature from 30 to 120°C %)), the heating of the
substrates is negligible for the treatment times as employed
inthis study (Figure 6) and therefore the temperature effect
can be neglected in our case.
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D) iv) The variations of the observed

removal rates can be related to different

reactivity of species produced in the

Z[nm]  plasma discharges. Our results clearly

0 demonstrate the importance of oxygen

for the erosion process of organic sub-

stances, due to its capability to form
volatile species.

Moreover, another important fact
revealed by the experiments is the simi-
larity of the removal rates of the three
treated homo-polypeptides, in spite of
their different chemical structure. This is
highlighted in Figure 8, which shows
typical height profiles of the three homo-
polypeptides exposed to Ar/O, plasma
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Figure 7. 2D thickness maps of poly(i-histidine) (top), poly(t-arginine) (middle) and
poly(t-lysine) (bottom) A) untreated sample and samples treated for 3s in B) Argon
C) Ar/N, (20:1) and D) Ar/O, (20:1) plasma discharges. Sample compositions as in figure 2

(200 W, 10 Pa).

iii) Even if UV radiation could induce chemical modifica-
tions of the treated homo-polypeptides due to its relatively
high energy, it does not seem to play an important role in
the process under our experimental conditions. This is
reasonable, since none of the discharges used in this study
emits the UV spectral range identified to induce such
changes, as demonstrated previously.2*!

60

0 100 200 300
X [um]

together with the resulting temporal
evolution of their maximal heights.

The observed similarity of the removal
rates for all three homo-polypeptides
having distinct chemical composition can
be related to the process of ion-enhanced
etching, also called chemical sputtering, in
analogy to the recent results reached
with hydrocarbon films,?#! bacterial spores??*?*lor model
proteins.*®IThis  process is initiated by the physical impact
of energetic ions having sufficient energies to disrupt the
chemical structure of a target material and to create dangling
bonds near its surface. Such active surface sites are attacked
by active species, in our case by oxygen atoms, whose
presence was confirmed by optical emission spectroscopy
(Figure 5), and in some extend also by

60 oxygen molecules,?>2%! which can lead to
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inturntothe gradual erosion and removal
of the deposit. However, since this process

is governed by physical impact of ener-
getic ions, the exact chemical structure of
the treated biomolecules is relatively
irrelevant for the overall removal rate,
on the contrary to pure chemical etching.
This has important consequences for
optimization of the treatment of infec-
tious protein residues (e.g, prions). The
overall efficiency of proteins removal
from the surfaces will be linked in first
approximationtotheremovalrate of their
different molecular domains, which are,
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Figure 8. Typical height profiles of homo-polypeptides before treatment and after
exposure to Ar/O, plasma discharge (left) and the temporal evolution of maximal

heights of deposits (right). Conditions: Ar/O, 20:1, 10 Pa, 200 W.
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on the chemical and biological level,
represented by different amino acids.
Therefore, the finding that different amino
acids areeliminated at similarratesleads
to the conclusion that various proteins
would be removed at similar rates, a
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finding that corresponds to the observations reported in a
previous study.*"!

Conclusion

In this study, the removal efficiency of different homo-
polypeptides of amino acids by low-pressure ICP discharges
was investigated. Based on the results obtained, it seems
that although plasma capability to eliminate distinct
amino acids from a surface depends strongly on the plasma
discharge composition, and in particular in the presence of
oxygen in the discharge mixture, the process is rather
insensitive to the chemical composition of the treated
amino acids. This finding allows to presume that also
different proteins composed of distinct sequences of amino
acids will be removed with similar rates, which agrees well
with recent results obtained with protein deposits, and
which is in agreement with recently suggested mechanism
of chemical sputtering playing a dominant role in the
process of elimination of biological systems from surfaces.
The similarity of the elimination rates independently on
the amino acid chemical structure has moreover important
consequences for the optimization of the treatment of
infectious proteic residues (e.g., prions), since it allows
comparing results obtained from non-pathogenic proteins
to those of their pathogenic forms. Finally, it isimportant to
stress that these conclusions are of validity for substances
that can be easily volatilized by oxygen, ie. substance
without inorganic components. Nevertheless, in the real
conditions, the composition of the surface can be far from
this simplified situation. In particular, the content in salts
and elements (such as K, Ca, Na), which cannot be
volatilized by the plasma discharge, will have a strong
influence on the practical validity of these results. More
studies using complex mixtures close to the real cases
reported in the literature have to be carried out to confirm
these conclusions.
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In situ Quartz Crystal Microbalance
Measurements of Thin Protein Film

Plasma Removal

Francesco Fumagalli, Jan Hanus, Ondrej Kylian, Francois Rossi*

Surgical instruments are intended to come into direct contact with the patients’ tissue and
thus need to be sterilized and decontaminated in order to prevent infections, inflammations or
transmission of diseases. In this study, plasma interactions with low contamination levels

(typically less than 3 ug-mm ?) of BSA proteins were
investigated in situ by means of quartz crystal micro- s s
balance. Mass removal rates were found to depend on
treatment time showing a self-limiting behavior.
Removal rates kinetics were characterized by descriptive
parameters and correlated with plasma induced chemi-
cal composition changes and morphological modification

of the protein film.

1. Introduction

Elimination of potentially harmful microorganisms and
biomolecules present on surfaces is a major concern in
many different technological areas ranging from food and
packaging industry, textile industry, to aerospace industry.
However, the field where sterilization and decontamina-
tion are of paramount importance is the medical praxis,
where these processes represent a crucial step in guaran-
teeing the safety of the patients. This is especially true for
the cases of reused instruments, such us endoscopes, dental
drills, or surgical tools whose insufficient cleanness in terms
of presence of biological contamination has been reported
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to be a potential cause of post-intervention infections or
disease transmission.!*!

However, in most of the cases mentioned above, surface
sterilization and decontamination cannot be achieved in
practical terms with the currently available technologies.
Drawbacks in actual sterilization techniques refer in
particular to the high resistance of certain biomolecules,
prions in particular, toward routine chemical and physical
cleaning processes! or incompatibilies between materials
used in biomedical applications and sterilization process
parameters.“® Infectious proteins, i.e, prions, are patho-
gens composed of proteins in a misfolded form responsible
of transmissible spongiform encephalopathies for a variety
of mammals, including humans.”? All known prions-
related diseases affect the function of the brain and other
neural tissue and all are currently untreatable and
universally fatal.’® A recent study from Hervé et al. shows
that currently marketed cleaning chemistries and recent
decontamination protocols do not completely suppress
the threat from iatrogenic Creutzfeldt-Jakob Disease
(CID) transmission connected with re-usable surgical
instruments; it was also found that self-aggregating
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protease resistant prions proteins constituted the main
component of the biological residuals left on the sterilized
surfaces. !

High risks associated with the presence of potentially
infectious proteins, together with the impossibility of
removing them by currently used hospital decontamina-
tion techniques, lead to disposal of many surgical instru-
ments after single use, which in turn represents an
enormous burden for the public health budget. Thus the
possibility of applying plasma discharges for the removal of
proteins from the surfaces gained increased attentionin the
past years, since these processes have the potential of
answering the needs of health services analogously to the
cases of bacterial spores or endotoxins.[10714

However, in most of the works published until now, only
ex situ techniques (such as profilometer and ellipsometry)
were used to measure plasma induced biomaterials
removal.*>*®! Linear etching rates (ie, decrease of a
contamination residue height profile) were the standard
figure used to characterize decontamination processes. In
this work, we propose a quartz crystal microbalance (QCM)
method for in situ measurement of protein mass removal
during operation of a pulsed plasma discharge. The
proposed technique allows detailed investigation of etch-
ing dynamics during plasma treatment. Moreover, quanti-
fication of the etching process by mass removal allows
direct comparison of plasma process data with biological
results on vCID iatrogenic transmission (number of
molecules per IDs, unit)*”! and state-of-the-art detection
techniques of prions protein residual contamination on
surgical instruments.*®! Contamination levels used for
experiments in this work where chosen to mimic a realistic
biological residual after standard hospital sterilization
procedures. Lipscomb™ in a study on contaminated
surgical instruments taken from UK. hospitals, define a
contamination indicator according to residual biological
mass density after sterilization. Simulated contaminations
corresponding to level 2 (0.042-0.42 pg-mm ?) and 3
(0.42-4.2 ng - mm~?) were used in this work (from 0.2 to
3 ug-mm?). According to Lipscomb, levels 2 and 3 define
situations of low or moderate contamination and were
found on the 44% of analyzed surgical instruments (while
the rest was found in level 4, more than 4.2 Mg~mm*2,
categorized as heavily contaminated).

2. Experimental Section

The experimental apparatus used in this work consists of double
coil planar inductive plasma reactor designed for basic studies in
plasma processing and already described in detail elsewhere, 24!

Plasma conditions for all the experiments were: operating
pressure 10Pa, base pressure 2 x 10 >Pa, radio frequency (RF)
delivered power 350 W, total gas flow 22 sccm, O,/Ar flow ratio
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0.27, pulsing frequency 100 mHz, and duty cycle 20% unless stated
otherwise in the discussion.

Protein film mass removal was monitored by a QCM (Inficon). All
experiments were performed at a substrate temperature of
303 + 7K pulsing the plasma discharge and with water-cooling
of the OCM crystal. The QCM crystal signal was monitored on line
with an USB oscilloscope (Picoscope), by means of the external
output voltage signal, proportional to the crystal frequency shift.
The conversion factor between the measured voltage V and
the mass of the protein deposit M used in this study was
M/V=436pg-V ! all the mass data are indicated as mass per
unit area of the crystal.

X-ray photoelectron spectroscopy (XPS) measurements for
protein film surface analysis have been performed with an AXIS
ULTRA Spectrometer (KRATOS Analytical, UK). For each sample, a
survey spectrum (0-1150eV), from which the surface chemical
compositions without hydrogen were determined, was recorded. In
addition one set of high-resolution spectra was also recorded on
each sample. The morphological changes of the protein deposits
were determined by atomic force microscopy (AFM type Solver
P47H, NT-MDT Co. operated in the tapping mode).

Model biological contaminations used in this work consist of
bovine serum albumin (BSA) protein films deposited on QCM gold
coated crystals with a calibrated pipette. BSA protein was diluted at
different concentrations in 2,2,2 trifluoroethanol (TFE, Fluka, 99%),
which is commonly used as a solvent in biochemistry,?® and
spotted on the QCM crystals. TFE was chosen also for its low boiling
point (351K) that results in its fast evaporation. A low evaporation
time is desired to reduce the coffee ring effect in the protein films
deposited on QCM crystals. 2!}

3. Results and Discussion

3.1. Mass Loss Curves

Examples of the OCM signal as recorded by an oscilloscope
during the plasma process are shown in Figure 1 and
Figure 2. The strategy for QCM measurements during the
plasma discharge is derived from the work of Heil et al.[??
and consists in pulsing the plasma discharge and measur-
ing the crystal frequency shift during the plasma-off phase
after each treatment cycle. The effect of plasma discharge
onablank QCM crystal is shown in Figure 1. In the top panel
the QCM response to a series of plasma pulses is plotted: a
sharp increase in the monitor output voltage signal is
observed when the discharge is ignited, while during the off
phase, the signal relaxes at the initial voltage offsetlevel V.
The black circles in Figure 1 indicate the relaxation voltage
measurement points after each plasma cycle. The spike
during the plasma-on phase can be considered as an artifact
due to AT-cut crystal response to pressure and temperature
variation as well as to parasitic voltages developing during
theactive phase of the discharge. Thelower panel of Figure 1
shows the histogram of the final relaxation voltages
measured after each plasma cycle. The statistics has been
calculated using a voltage measurements dataset from a
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Figure 1. Top panel: apparent mass change due to plasma-crystal
interaction during QCM measurements on a clean crystal
exposed to several cycles of plasma treatment, O,/Ar=o0.27,
P=350W, p=10Pa, Pt =20sccm, 20% DC, and f=100 mHz,
the black circles indicate the measured relaxation voltages. Lower
panel: distribution of the measured relaxation voltages.

60 plasma cycles experiment. The mean value of the
recorded voltagesis —2 £ 4mV, with thelowest and highest
recorded voltages of —9.7mV and +4.5mV, respectively.
Experimental errors due to fluctuations in the offset voltage
became comparable to measured etching rates only for
values below 0.1ng-s™*-mm™2 It can be seen that the
mean of the histogram is not precisely zero. This is because

measurament 9 2

/ Reset

20— .
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] OFF .
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151 oltage

QCM Signal (V)
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Figure 2. QCM measurements, apparent mass change due to
plasma—crystal interaction for different pulsing frequencies but
identical total treatment time (t,ot = 4 s). Black columns indicate
the plasma ON time, shaded columns indicate the standard
plasma OFF time at 20% DC used in the decontamination exper-
iments. Plasma parameters are O,/Ar=0.27, P=350 W, p=10Pa,
Dot =20 sccm, and BSA solution concentration =10 mg-ml™".
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of the numerical algorithm used for automatic identifica-
tion of the voltage measurement points based on the
identification of the minima in the smoothed QCM output
signal, which results in a clean crystal voltage measure-
ments distribution slightly unbalanced toward negative
values. An example of OQCM measurements on protein-
covered crystals is shown in Figure 2. Three series of plasma
pulses at different repetition frequencies are shown for a
total plasma-on time of 4 s for each series. After each run,
the frequency is changed and the QCM monitor is reset to
zero voltage. When the discharge is ignited on a protein
covered crystal a sharp increase in the monitor output
voltage signal is again observed but now, during the off
phase, the signal relaxes to a new voltage level, V3, slightly
higher than the starting voltage V,. Moreover, it is observed
that the same final relaxation voltage is reached using
different treatment time steps, but keeping the total
plasma on time fixed. According to these observations,
the difference between the offset voltage and the relaxation
voltageis interpreted as a quantity proportional tothe mass
loss occurred during a plasma treatment and the difference
between two consecutive relaxation voltages is interpreted
as the mass loss occurred during a plasma-on cycle.

If the same procedure is applied during a pulsed plasma
treatment (see Figure 3), mass loss curves describing the
evolution of the material removal from the surface exposed
to plasma are obtained by measuring the QCM voltage
signal at consecutive relaxation points. The open circles in
Figure 3 identify the measurement points after signal
relaxation.

Plasma-ON time (sec.)

0
5 —————
4
= Asymptotic
o
3 Mass Loss M, /
w 34 / E
w
(=]
pos ¢
wn
w
[
=
5
& 1 Characteristic "
Etching Time QCM Signal
O Measurament
ol ——Fit b
T T S S e S S T
0 60 120 180 240

Total Time (sec.)

Figure 3. In situ QCM measurements during protein film removal
by pulsed plasma treatment. Plasma treatment parameters are
0,/Ar=0.27, P=350W, p=10Pa, &y, =20sccm, BSA solution
concentration =1.5mg-ml™". Bottom x-axis display total treat-
ment at 20% DC and f=100 mHz, top x-axis display effective
plasma-ON time.
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The mass loss curves can be described by an exponential
function of the form:

t

Mioss = Minit - (1 - ei;) (l)

In the above equation, Min;, is the mass initially
deposited on the crystal, tis the effective plasma treatment
time, and 7 is the characteristic etching time. In this work,
the end point is defined as the moment when the etch rate,
ie, the voltage difference between the measurement
points of two successive plasma cycles, does not change
anymore or drops below the sensitivity of the monitoring
oscilloscope. The self-limiting nature of the process is
described by the term (1—e~*7), which may be related to
two factors: the raising concentration of non-volatile
compounds on the film surface and the reduction of the
effective interaction area due to substrate exposure, as
shown later in the text. In the example of Figure 3, the
values of Mj,;; and 7, as determined from least square fit of
the data, are respectively 0.19 ug-mm 2 and 12.07 s.

The time dependent protein mass removal rate ER(t) can
be expressed by the time derivative of Equation (1):

ER(t) = d]g; = <M;““) e t=ERp-e" (2)

The constant multiplicative term (Minit/7), or ER,,
represents the initial mass removal rate, and is plotted in
Figure 3 as the slope of the ER(t) curve at t = 0's. This specific
functional form was chosen as an empirical model for the
following two reasons: (i) it is the simplest model that both
fits the data (see Figure 3) and exhibits the proper
asymptotic behavior (finite etching rate at t=0 and zero
etching rate at t=o0); (ii) under the assumption that the
etching rate ER(t) is limited by the number of non-etchable
sites on the surface 6, and proportional to the number of
etchable sites on the surface 1—6, the non-etchable film
formation can be compared to a simple model which
assumes a constant exposure rate for non-etchable
compounds:

do
G k-(1-90) (3)
where k~7" ' is the rate constant. This leads to an

integrated expression for the etching rate of the form:
ER(t) x1—0=-exp(—k-t) (4)

Additional blocking mechanisms (e.g., substrate expo-
sure) under similar hypothesis might contribute to the
lowering of the etching rate by introducing additional time
constants. Time dependent mass removal rates for protein
films have already been reported in plasma decontamina-
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Figure 4. Mass loss curves as a function of initial concentration of
BSA protein solution used for protein deposition on the QCM
crystal. Plasma treatment parameters are O,/Ar=o0.27,
P=350W, p=10Pa, @t =20sccm.

tion experiments, when low levels of biological contam-
ination were present.?*] Equation (1 and 2) in their simple
forms are a parameterization of the experimental data and
serve to determine the principal features of the mass loss
curves time dependency, allowing thus a direct and
quantitative comparison between the different experi-
mental conditions.

The effect of Ar/O, plasma treatment on protein films is
shown in Figure 4 for different concentrations of used
protein solution, which determines amount of deposited
protein. All the discharge parameters (i.e., applied RF power,
processing pressure, and gas flow) were kept constant for all
the treatments and every data series are the average of at
least three independent experiments. The mass loss curves
show a saturation behavior for long treatment times
indicating that the etching process of the protein layer
approaches its endpoint, the position of Mn; is concentra-
tion-dependent and shifts to higher values as the amount of
deposited material increases. Since also the characteristic
etching time t shifts to higher values following the same
trend as M;n;t, the ratio of these two quantities, ERy, remains
almost constant (with the possible exception of the curve at
2mg- ml~).Asa consequence of this, all the curves show in
the initial phase the same removal kinetics indicating that
the same plasma—biomaterial interaction mechanism is
operating. Asummary of the descriptive parameters for this
set of curves is given in Table 1.

From the analysis of the mass loss curves presented, it
results that the simple forms of Equation (1) and (2) describe
the main features of the mass loss kinetics, but poorly
describe the details of the QCM signal evolution. This is
evident, e.g., from the mass loss rates (plotted in Figure 5 in
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[l 7able 1. summary of calculated mass loss curves descriptive parameters for different initial protein concentrations.

Concentration Mt T ER, tirans
[mg-ml ] [ng - mm?] [s] [ng-s™*-mm?] [s]
2.0 0.23+0.04 20.0£0.5 11.7+£2.2 nm?
3.5 0.66 +£0.06 40.3+2.5 165+24 nm?
5.0 0.97 £0.04 60.2+0.8 16.2+0.8 43+8
7.5 1.54+0.14 922+15 16.7+1.8 75+5
10.0 2.63+£0.22 152.0+16 173+1.6 155+13
15.0 3.06 £0.28 181.0+1.7 19.3+1.9 205+14

3Not measurable.

a log scale) calculated from the mass loss curves already
presented in Figure 4. If Equation (2) strictly holds, a linear
trend for ER(t) would be expected in semi-logarithmic plot
against the treatment time. Data in Figure 5 show instead
that the data trends in the range 0.97-3.06 pg-mm 2 are
closely described by Equation (2) when a two-valued
characteristic etching time is considered, i.e., the process is
described using two different time constants. In the curves
in Figure 5, the kinetic of the mass loss rate at short
treatment times is described by a time constant value
higher than the average characteristic etching time
calculated on the complete dataset, while after a certain
transition, the time constant describing the exponential
decay changes suddenly to a lower value. In other words,
the decay of the mass loss rates is slower at short treatment
times and is faster at long treatments times. Since the mass
loss rate curves [Equation (2)] are described by the same set
of parameters of the mass loss curves [Equation (1)] it is
possible to derive from the observations described above

_ A 2
ER, =(17£1)ngs mm

o
M|

Mass Loss Rate (ng s'mm™)

T T T T T
0 60 120 180 240 300

Plasma ON time (sec.)

Figure 5. Kinetics of the time dependent mass loss rate for
different initial solution concentrations. Rates are calculated
from mass loss curve shown in Figure 4.

Plasma Process. Polym. 2012, 9, 188-196
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

119

thatat the beginning of the treatment, the protein massloss
due to plasma exposure proceeds with a slower kinetici.e.,
the material removal rate deviates slowly from ER,, while
after the transition point a new regime with a faster
kinetics is observed, ie., the instantaneous ER(t) drops
rapidly to zero.

This sudden jump in the value of the parameter  at the
time tians is the indication of a modification in the
conditions of the removal process. Some indications about
the surface processes related to this phenomenon can be
derived from XPS and AFM surface analysis.

Data points for the low contamination experiments
(023 -066pgmm=2) are well approximated by
Equation (1) and (2) using a single valued time constant.

3.2. Plasma Induced Chemical and Morphological
Changes

Bovine serum albumin (BSA) survey XPS spectra (not
shown) recorded for different plasma treatment times
generally shows peaks corresponding to oxygen (O, 1s at
532 eV), nitrogen (N, 1s at 400eV), carbon (C, 1s at about
285eV), sulfur (S, 2p at about 164eV) and, for long
treatment times, Au (Au, 4f at 84eV), ie, the substrate.
Oxygen carbon and nitrogen are the main components of
the protein molecular structure while sulfur is attributed to
the cysteine present in the BSA.?#! Traces of sodium and
calcium together with a substantial peak from fluorine (F 1s,
684 eV) are also detected, probably originated from the
protein solution preparation, crystal cleaning protocol or
from contamination of the vacuum chamber. XPS data
presented in this section are summarized in Table 2.
Figure 6 shows the elemental composition of the protein
film at different plasma treatment times. The three most
important elements present in our samples that donot form
volatile compounds after oxygen driven plasma reactions
(gold, fluorine, and sulfur) are shown. As the treatment time
increases, the signals corresponding to gold and fluorine
increases: this is due to the plasma etching process which

DOI: 10.1002/ppap.201100098
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Table 2. Elemental composition time evolution of BSA thin films
during O,/Ar plasma treatment. Data refers to principal XPS peak
relative intensities as a function of the treatment time. Plasma
parameters are O,/Ar=0.27, P=350 W, p =10 Pa, @t = 20 sccm.

Treat. Au F S C N o
time [%] %]  [%]  [%] [%] [%]
[s]

0.0 0.3 0.6 64.3 15.8 19.0
0.0 43 12 57.5 133 23.7
0.0 47 18 52.7 13.8 27.0

20 0.1 7.2 2.5 48.5 116 28.7
40 16 9.3 2.5 451 9.9 30.1
60 29 9.8 19 44.5 7.4 30.5
80 3.1 12.0 24 42.8 5.7 311
100 4.2 9.7 3.2 41.0 0.9 32.6
150 15.3 14.7 2.2 38.1 0.0 29.3
200 22.7 13.2 1.7 35.6 0.0 26.8

removes the protein layer exposing the substrate (therefore
the increase of the Au signal) and increasing the
concentration of non-removable species (increase of F,
from 5 to 12% after one characteristic etching time). Sulfur
signal rises immediately at about three times its initial
concentration, and then accounts for about 2% of the total
composition, showing no further kinetics. Moreover, strong
oxidation of sulfur was observed during the treatment and
consequent shift of the XPS peak was found. The BSA as
deposited shows the S2p doublet around 164 eV, which is
typical of C—S bonding?®! On the other hand, after
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Figure 6. Surface elemental composition (at.-%) of Au, Au + F and
Au+F+S as a function of plasma treatment time. Data refer to
deposits obtained from 7.5 mg- ml~" BSA solution, plasma treat-
ment parameters are O,/Ar=0.27, P=350W, p=10Pa,
Pyor =20sccm. Typical elemental composition measurement
error is around +10%. XPS data are summarized in Table 2.
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exposure to the plasma a second peak around 168eV
binding energy that can be attributed to oxidized sulfur
starts appearing.?®!

The total concentration of these three elements rises to
(314 5%) in one characteristic etching time (152.0+1.65)
for the specific plasma treatment under investigation,
indicating substantial build up of inorganic non-volatile
compounds at the surface. This implies the progressive and
fast depletion of potential reaction sites for excited atoms
and molecules from the surface. This in turn explains the
reduction of the mass loss rates as the treatment time
progresses. It must be underlined that as soon as the gold
substrate signal is observed at a significant concentration
(above 3—-5%), the BSA protein film has becomes most likely
thinner than 10-12 nm, which is the typical analysis depth
of XPS at 90° take off angle (TOA).l”!

Figure 7 shows, as a function of the plasma treatment
time, the elemental composition concentration ratios of
gold over the sum of nitrogen and carbon, for the three
different initial deposit situations. The transition time for
the corresponding process is indicated as the shaded area
below the data and the width corresponds to the
experimental error. The Au/(N+C) ratio is zero at the
beginning of the treatment, when the crystal surface is still
fully covered with the proteinlayer, and it remains very low
for the early stages of the treatment. At treatment times
comparable with the transition times points derived from
data plotted in Figure 5, the Au/(N + C) ratio shows a fast
increase and reaches plateau values around 0.5. This
behavior indicates that in the initial stages the plasma

T T T
] o 75mgmr 1
059 -0~ 10 mgml’ = S G b
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3 031 4
3
<

0 60 120 180 240 300 360 420
Plasma ON time (sec.)

Figure 7. Elemental composition (at.-%) ratio of gold over the sum
of carbon and nitrogen as a function of the plasma treatment
time obtained from XPS analysis recorded at 9o° TOA (mean of
three independent measurements). The transition time for the
corresponding plasma process is indicated as the shaded area
below data. Plasma treatment parameters are O,/Ar=o0.27,
P=350W, p=10Pa, Py, =20sccm. Typical elemental compo-
sition measurement error +10%.

www.plasma-polymers.org

120

193



194

Plasma Processes

and Polymers

interaction happens with a bulk biological material while
later, as soon as this material is removed, the substrate is
exposed and the surface covered with proteins is reduced to
about half the initial value.

Evidence of substrate exposure for long treatment times
is supported also by AFM measurements of protein layers
microscopic root-mean-square (RMS) roughness (calculated
over an area of 1 um?) as a function of the treatment time
(see Figure 8). Deposits obtained from three different initial
solution concentrations were investigated. It can be seen
that just few seconds of plasma treatment are enough to
induce morphological changes on initially smooth surface
of BSA. Further plasma treatment leads to the increase of
the maximum peak-to-valley height difference, which
reaches its maximal value. After reaching this point, the
peak flattening effect is observed. The transition between
these two phases happens around the transition time
derived from the etching rates curves, which is consistent
with interpretation of the XPS data shown in Figure 7.
Measured roughness evolution as shown in Figure 8 is
representative of the different stages of the material
removal process,[zg] for short treatment times the increas-
ing roughness is related to inhomogeneous etching, where
the surface reactions happens at preferential sites; for long
treatment times, the average roughness decreases indicat-
ing exposure of the flat substrate layer.

To further explain the slower kinetic of the mass removal
rates after the transition time Cls XPS high resolution
spectra recorded at 90° TOA at different plasma treatment
times have been analyzed. In Figure 9 are shown spectra of
as-deposited protein, 2 and 20s plasma treated protein
(before transition time) and 200s plasma treated protein

60 ] T T T T
-1
A 7.5mgml
4 -1
50 ] O 10mg ml ]
P -1
] —~—15mgml . T
s Tl
€ 40 B ! n
K5
= B8
0 KX
XX
3 ] o%e%e%
2l edelele o
£ 30 RS
<= otetele?
=) T XXX
3 R
o atelece
® 2 S
= 0 2 [RRRK) q
[ o I
o TR
= \ K335
. AN Do s
10 | £ R : B
1 leseelsl & &
v ’RRKK]
Posotatet
RRXR
R
T T T T T
60 120 180 240 300

Plasma ON time (sec.)

Figure 8. Microscopic RMS roughness of the protein surface layer
(1m x1pum) as a function of the plasma treatment time as
measured by means of AFM. The transition time for the corre-
sponding plasma process is indicated as the shaded area below
data. Plasma treatment parameters are O,/Ar=0.27, P=350W,
p=10Pa, Pt =20sccm.
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(after transition time). It is known that BSA C1s peak is the
envelope of five components (C0-C4) which can be
attributed respectively to C—C/C—H (Epina = 285 €V), C—N
(Epina=285.8eV), C—0, N—C—0 (Epina=286.8¢eV), C=0,
N-C=0 (Epina=288.4eV), and COOH/R (Epina=
289.5 eV).25] Comparing the as deposited protein spectrum
with the spectra recorded at 2 and 20s treatment time, a
general reduction of the intensity in all the components is
observed, with the exception of the high energy contribu-
tion of peak C4, which is increasing. This is an indication
that the percentage of carbon bonded to oxygen is
increasing and supports the idea of oxidation processes
at the surface. The spectrum recorded at 200s plasma
treatment time, well after the transition time for the
corresponding massloss curves (tirans = 155 £13s), appears
to be dominated by the CO peak with probably some minor
contribution by C—0, C2 peak. Eventual contribution from
the C1 (C—N) peak is ruled out by the elemental analysis
displayed in Figure 10 showing that at 200 s the nitrogen
concentration is zero. These results (Figure 7-10) show that
in the second phase, the residual protein film is localized
and composed mainly of amorphous carbon-based deposit,
the protein chemical structure being destroyed by the
plasma interaction. Films of amorphous carbon show in
general slower etch rates under exposure to oxygen—argon
plasma. Benedikt et al. *®lusing a plasma setup very similar
to the one used in this study, measured amorphous
hydrogenated carbon film etching rate around 0.3 nm-s .
Onthe other hand, Kylian and coworkers,[*?] alwaysinvery
similar conditions, measured for bulk BSA etching rates
around 20nm-s *. The substantial modification of the
chemical identity of the material and the corresponding
reduction in the mass removal rates after the transition
point, together with the reduction of the effective area
available for plasma interaction (substrate exposure and
residuals build up) can explain the slower kinetics of the
mass loss curve second regime after the transition.

The ratio N/C shown in Figure 10 is an indicator of the
presence of the protein backbone structure. The N/C ratio
exhibits for short treatment times values around 0.25
compatible with the macromolecular elemental composi-
tion of the undamaged BSA protein (2 932C and 780N per
protein, ratio N/C is 0.266). This considerably changes at
long treatment times, namely beyond the transition time,
when this ratio falls almost to zero in both cases. This
indicates the destruction in the surface layer of the basic
building blocks of the proteins primary structure.

Comparison of the data for N/C and Au/(N + C) ratios
shows that the destruction of the last protein units and the
substrate exposure are simultaneous events and both
happens just around the transition time.

From the overall picture derived from the data shown in
Figure 6-10, it is possible to define the general mechanisms
related to the two mass loss curves regimes observed in
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Figure 5. The first regime, when the plasma mass removal is
faster (higher ER(t) values), corresponds to the ion-
enhanced plasma etching of the bulk protein film.[*#2°]
Hydrogen, oxygen, carbon, and nitrogen in the protein are
consumed by surface reactions with oxygen and removed
from the surface as volatile by-products. This process
initiates at a rate described by the characteristic etching
rate ERy, and slows down because of the increasing surface
concentration of inorganic compounds, that corresponds to
superficial non-reactive site. When the process approaches
the transition time, it is found that most of the biological
material has beenremoved and the nonreactive sites on the
surface (either due to exposed substrate or presence of non-
etchable inorganic compounds) determine a slower kinetic
of the mass removal, being the plasma etching mechanism
less efficient in attacking the residuals left at the end of the
processes.

4. Conclusion
In this study proteins etching by means of a low pressure

inductively coupled plasma discharge was investigated. For
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this purpose an in situ diagnostic method based on OCM
was introduced. This method allows quantitative measure-
ments in terms of plasma removed protein mass and
detailed investigation of etching rate kinetics. Mass loss
curves have been measured and characterized for different
model contaminations reproducing the same areal mass
density of realistic contamination situations and using
substrates (Au coated QCM crystals) with realistic rough-
ness levels, moreover the plasma treatments were per-
formed at temperatures suitable for thermolabile materials
processing.

Good sampling frequency of our in situ QCM technique
was exploited to study the details of the etching rate
kinetics. Results show that, for thin film contaminations,
etching rates are not constant but can be described as a self-
limiting process. Descriptive parameters were introduced
to account for the kinetics of the removal process and mass
loss curves were explained in terms of the modification
induced by the plasma—protein interaction. Accumulation
of non-reactive compounds and substrate exposure at the
interaction interface were identified as the main causes. In
particular the time constant of the etching process was
found to depend stepwise both on the morphology and the
chemical composition thus defining a transition between
two regimes of the removal process. In an early regime
the kinetic of the mass removal is dominated by non
reactive species accumulation while during late stages of
the treatment an endpoint regime dominated by reduction
of the effective interaction area and substrate exposure was
observed. Of importance for the development of a plasma-
based decontamination technique, it was found that, in
the second etching regime, the basic building blocks of the
protein structure (the backbone polypeptide chains) have
been destroyed by the plasma interaction and the residual
structures are composed mainly by amorphous carbon.
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Abstract

A low-pressure inductively coupled plasma discharge sustained in an argon—oxygen—nitrogen
ternary mixture is studied in order to evaluate its properties in terms of sterilization and
decontamination of surfaces of medical instruments. It is demonstrated by direct comparison
with discharges operated in oxygen—nitrogen and oxygen—argon mixtures that application of
an Ar/O,/N, mixture offers the possibility to combine advantageous properties of the binary
mixtures, namely, the capability of an O,/N, plasma to emit intense UV radiation needed for
effective inactivation of bacterial spores together with high removal rates of biological
substances from Ar/O, discharge. Moreover, optimal conditions for both effects are obtained
at a similar ternary discharge mixture composition, which is of much interest for real
applications, since it offers a highly effective process desired for the safety of medical

instruments.

1. Introduction

Cleaning, sterilization and decontamination of medical
equipment are fundamental steps in health care facilities in
order to assure safety of patients. However, there are numerous
indications that currently used techniques are in many cases
insufficient to guarantee complete inactivation or elimination
of various pathogens (e.g. [1-5]); this consequently represents
a serious problem mainly with respect to the possible
transmission of lethal neurodegenerative diseases or the onset
of immunological events of severe consequences caused by
insufficiently cleaned instruments. Therefore, there is a clear
demand from hospitals’ sterile services for the development
of alternative methods allowing complete elimination of
highly resistant biological residues possibly present on the
surfaces of medical tools. One of the options that gained
increased attention in the last decade is the application of
low-pressure, non-equilibrium plasma discharges that are

0022-3727/09/085207+07$30.00

capable of not only inactivating bacteria or bacterial spores
(e.g. review papers [6-9]) but also eliminating bacterial
endotoxins [9-11] or removing protein residuals (e.g. [9, 12—
19]), i.e. substances that are difficult or impossible to remove
by other techniques. Therefore, the possibility to assure
sterility and complete elimination of biological pathogens
from the surfaces of medical instruments makes the plasma
based sterilization/decontamination technique one of the most
promising approaches to fulfil requirements on a universal
sterilization/decontamination method. However, as will be
discussed in the following section, the conditions leading
to inactivation of bacteria or physico-chemical removal of
biological residues are different: while a maximum of UV
emission is desirable in the first case, a maximum concentration
of active species necessary for etching the residues is needed
in the second case. The main intention of this paper is to
demonstrate that both of these features can be achieved by
the application of low-pressure inductively coupled plasma

© 2009 IOP Publishing Ltd  Printed in the UK

124



J. Phys. D: Appl. Phys. 42 (2009) 085207

O Kylidn and F Rossi

(ICP) discharges sustained in a Ar/O,/N, ternary gas mixture.
To do so, the paper is organized as follows. First, the
recent results regarding the possible approaches used for the
inactivation of bacterial spores on the one hand and physical
removal of biomolecules from surfaces on other hand are
briefly summarized in section 2. The experimental set-up
and methods used in the frame of this study are introduced
in section 3. Finally, the results of this study are presented and
discussed in section 4 and concluded in section 5.

2. Overview of approaches used for sterilization and
decontamination of surfaces

Concerning recent results, two distinct strategies applicable for
the sterilization and decontamination of surfaces by means of
low-pressure plasma discharges can be followed.

The first one relates to the possibility to remove physically
all kinds of pathogens by etching or sputtering. This is
traditionally achieved by placing objects to be treated in
the active zone of the discharges providing sufficient fluxes
of etching agents or energetic ions that can either sputter
treated samples or enhance their elimination via the process
of chemical sputtering involving both charged particles and
plasma radicals [20-22]. Although it has been demonstrated
that bacterial spores or biomolecules can be removed from
surfaces, or at least significantly eroded, using a wide range of
gases, a majority of the research groups use different oxygen
containing plasma discharges (e.g. pure oxygen [23-26],
0,/H, [9, 11, 18], O,/N; [27], He/O; [15,16] or Ar/O, [13,
17,19]), which offer high removal rates, as demonstrated,
for instance, by SEM images of treated bacteria [25-28] or
proteins [29], but do not represent environmental risks as for
example fluorine mixtures known to be also highly effective
in etching of polymers (e.g. [30]). Nevertheless, it has to be
noted that the approach based solely on the physico-chemical
removal of pathogens, which at first glance seems to be an
optimal and universal sterilization/decontamination method,
has also certain limitations especially with respect to the
inactivation of bacterial spores. It has been demonstrated
that spores etching is much slower as compared with
various biomolecules treated at otherwise identical operational
conditions (e.g. [23]) and it is rather challenging to etch spores
completely [30]. This is due to the high amount of inorganic
compounds (e.g. calcium, sodium, etc) presented in the spores’
walls. Such compounds are difficult to volatilize and therefore
their fraction increases with treatment time, which leads to the
formation of highly resistant inorganic layer and consequently
to the slowing down of the removal rate. As a result of
this, prolonged treatments are necessary, which can lead to
extensive heating and degradation of treated objects.

The second approach used is based on the induction
of chemical or structural modifications of treated pathogens
leading to the suppression of their biological activity. Although
it has been demonstrated that certain biomolecules can be
inactivated in this way (concretely bacterial endotoxins [31]),
this approach refers mainly to the sterilization of bacterial
spores. According to the conclusions stated in recent papers,
the most effective sporicidial agent in low-pressure plasma

discharges is intense UV radiation (typically in the spectral
range 200-300 nm [32, 33]) capable of penetrating the spores’
outer walls and of inducing irreversible modifications of their
DNA. The most commonly used discharge mixture to generate
UV radiation is oxygen—nitrogen mixture, where the main
source of photons in the desired spectral range constitute
excited NO molecules. Moreover, excited NO molecules
can be effectively produced also in the plasma discharge
afterglows, which is mainly due to three body reaction
involving atomic oxygen, nitrogen and N, molecules [34]:

N+0+N; — NO(A) + N,. ()

This allows objects to be sterilized to be placed downstream
of the active plasma discharge zone while still maintaining a
sufficient flux of UV photons and lowering the risk of possible
damage of treated articles induced either by extensive heating
or by the impact of chemically aggressive radicals.

However, optimizing only UV radiation or placing
samples in the afterglow also has serious drawbacks, since it
does not typically provide fast removal of biological agents
from surfaces due to the low fluxes of chemically active
species as well as due to the absence of charged particles
that contribute significantly to the process of volatilization
of biological systems [20-22]. Not only is this a limitation
in terms of removal of pathogenic biomolecules such as
infectious proteins or endotoxins but it also influences the
overall efficiency of bacterial spores sterilization. Often the
spores are stacked or covered with other biological substances,
which represents a protective shield towards UV radiation and
naturally slows down the sterilization effect of UV radiation.
This can be, for instance, demonstrated on the survival curves
of bacterial spores obtained in low-pressure discharge plasmas
showing typically two phases—the first and the faster phase
corresponds to the fast inactivation of spores that are in a direct
view of UV radiation; the second phase, and a markedly slower
one, is then connected to the killing of covered spores that
needs a much longer time to accumulate lethal UV dose [35]
and/or with gradual, and rather slow, removal of the shielding
material through photo-desorption [6], etching or chemical
sputtering.

Therefore, it is clear that an optimal steriliza-
tion/decontamination process should combine both the above-
mentioned pathways, i.e. providing conditions offering both
high intensity of UV radiation favourable for fast inactivation
of spores and high removal rates of possible pathogens or ma-
terials shielding spores from direct action of UV radiation.
This is commonly fulfilled using an O,/N, mixture and plac-
ing objects to be treated in the active zone of the discharge
(e.g. [27,33]). However, it has been recently suggested that
the desired effect can also be reached by the application of
an Ar/NO discharge mixture [36] or utilizing a ternary mix-
ture consisting of argon, oxygen and nitrogen [37]. In this
paper the second option is followed. In order to show the ad-
vantageous properties of ternary mixtures, their capability to
remove model biomolecules and to emit intense UV radiation
in the range 235-270 nm will be compared directly with dis-
charges sustained in O,/N; and Ar/O, mixtures, i.e. mixtures
identified to be optimal for UV radiation and elimination of
biomolecules, respectively.
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Figure 1. Experimental set-up.

3. Experimental

3.1. Discharge chamber

An ICP source schematically depicted in figure 1 was used
in this study. The plasma discharges sustained in O,, N,, Ar
and their binary and ternary mixtures (pressure 10 Pa, total gas
flow 20 sccm and, if not stated otherwise in the text, applied
RF power 350 W) were characterized by optical emission
spectroscopy using an Avantes AVS-PC2000 monochromator
equipped with a 2048-element linear CCD array and by means
of a Langmuir probe (SmartProbe™; Scientific Systems Ltd)
placed in the sample position.

Moreover, in order to limit the heating of the treated
samples, which can significantly influence the kinetics of
their etching [38], all the experiments were performed with
a treatment duration of 15s, i.e. the duration after which the
substrate temperature measured by IR pyrometry stayed well
below 80 °C.

3.2. Samples preparation and characterization

The efficiency of the studied plasma discharges to eliminate
biological contamination from surfaces was evaluated on
bovine serum albumin (BSA). It has to be noted that although
this protein itself is harmless, it serves as a good model of
biological contamination of surfaces of medical instruments.
The BSA samples were prepared by spotting 0.1% aqueous
solution of BSA (Sigma Aldrich) on the polished and cleaned
Si wafers. After the deposition, the samples were dried
overnight in a common flow hood and subsequently plasma
treated. The treated and untreated samples were examined by
means of stylus profilometry, which allows direct evaluation of
the removal rates of proteins. For the measurements, an Alpha-
step® profilometer (KLA-Tencor) was used with a scan speed
of 20 ummin~! and a sampling rate of 50Hz. Equivalent
force exerted from the stylus tip on the surface corresponded to
27.4 mg. Details regarding samples preparation and evaluation
of etching rates can be found in the literature [19].
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Figure 2. UV radiation intensity integrated in the spectral range
235-270 nm and BSA removal rate as a function of initial
argon—oxygen mixture composition (10 Pa, 350 W, total gas flow
20 sccm).

4. Results

4.1. Oxygen containing binary mixtures

In a first step, we evaluated the most suitable discharge mixture
in terms of sterilization and decontamination of surfaces by
testing the capabilities of plasma discharges sustained in O,—
N, and Ar-O, mixtures in order to identify their advantages
as well as limitations.

4.1.1. Argon—oxygen mixture. ~As can be seen in figure 2, the
ICP discharge sustained in the Ar/O, mixture can effectively
eliminate the BSA protein. From this perspective the optimal
discharge mixture is the one having an argon/oxygen ratio
of about 17/3, i.e. the mixture having approximately 15% of
oxygen; this mixture produces a removal rate of 1.4 ;zm min~"
for an applied power of 350 W and a pressure of 10Pa.
Increasing either the argon or oxygen portion in the initial
discharge mixture leads to a significant decrease in the BSA
removal rate. As was demonstrated in previous studies
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Figure 3. UV radiation intensity integrated in the spectral range
235-270 nm and BSA removal rate as a function of initial
oxygen—nitrogen mixture composition (10 Pa, 350 W, total gas flow
20 sccm).

performed under similar experimental conditions [37, 39], the
existence of a well-defined maximum of proteins removal rate
cannot be interpreted solely by pure chemical etching induced
by O atoms, since O atoms density increases monotonically
with increasing fraction of O; in the mixture as shown both by
optical emission actinometry [37] and mass spectroscopy [39].
Instead, the dominant role of chemical sputtering has been
suggested in order to explain the observed results. In this
reaction scheme the overall rate of BSA elimination is given
by the simultaneous action of O atoms and energetic ions
produced in the discharge plasma. The variations of the
BSA removal rate can consequently be attributed either to
the lowering of the flux of atomic oxygen needed for proteins
volatilization (in the case of increasing Ar amount) or to a fast
decrease in ion density (when the oxygen portion is increased)
leading to the reduced rate of chemical sputtering.

Moreover, it can also be seen in figure 2 that Ar/O, is a bad
source of UV radiation. The low emission observed in the 235—
270 nm spectral range originates only from a small amount of
nitrogen impurities present in the discharge chamber.

4.1.2. Oxygen—nitrogen mixture. ~As expected, much better
results concerning UV radiation are observed using the O,/N,
discharge mixture. As can be seen in figure 3, the O,/N;
mixture offers almost one order of magnitude higher UV
radiation intensity as compared with Ar/O,. However, the
removal rate of BSA using the O,/N, mixture is considerably
smaller than the values reached using the Ar/O, discharge
(maximal removal rate observed in the O,/N; plasma discharge
is 0.84 ummin~!, which is 40% lower as compared with
the one observed using Ar/O;). It is worth mentioning that
unlikely to the argon—oxygen mixture, the variations of the
BSA etching rate can be attributed solely to the changes in
fluxes of active oxygen, since no significant variations of ion
density were observed with changing the oxygen/nitrogen ratio
in the initial discharge mixture, as will be demonstrated later.
Moreover, it can be seen that the maximal values of the removal
rate of BSA and the intensity of UV radiation are obtained at
markedly different mixture compositions: the highest rate of
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Figure 4. UV radiation intensity integrated in the spectral range
235-270 nm and BSA removal rate as a function of initial
argon—oxygen—nitrogen X : 1 : 1 mixture composition (10 Pa, 350 W,
total gas flow 20 sccm).

protein removal was observed for mixture having around 80%
of O,, whereas the maximal UV intensity in the spectral range
235-270 nm can be achieved for fraction 20-30% of O, in the
Ar/O; plasma. In other words, changing the O,/N; ratio leads
either to enhancement of UV light emission and decrease in
capability of oxygen—nitrogen plasma discharge to eliminate
biomolecules or vice versa.

4.2. Ar/N,/ O, ternary mixture

As was demonstrated above, discharges sustained in binary
mixtures can be operated at conditions either favourable for
the elimination of biomolecules or suitable for the emission
of intense UV radiation. Moreover, the direct comparison of
Ar/O; and N,/O, discharges revealed that the first one offers
a markedly higher rate of biomolecules removal, whereas
the second one can be used as an effective source of UV
radiation. In order to explore the possibility to combine
these two properties, further experiments were performed in
Ar/N,/O; ternary mixture with fixed O, over N ratio 1: 1 and
varying Ar portion in the discharge mixture, while keeping the
total gas flow constant. As can be seen in figure 4, substitution
of oxygen and nitrogen by argon up to 80% of Ar leads to
the increase in both UV radiation intensity and BSA removal
rate. Further increase in the Ar fraction in the discharge
mixture subsequently causes a decrease in these two quantities.
However, itis evident that these results are rather advantageous
as compared to Ar/O;, and N,/O; binary discharge mixtures:

e First, the application of Ar/N,/O, ternary mixture
maintains a high removal rate of BSA (maximal value
observed is approximately 1.2 zm min~") still comparable
to the one obtained in the Ar/O, discharge and leads to the
emission of UV radiation having an intensity even higher
than the maximal one reachable at identical operational
conditions (i.e. pressure, RF power and total gas flow) in
the case of the nitrogen—oxygen plasma.
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e Second, the maximal values of both the protein removal
rate and UV radiation intensity are obtained for similar
discharge mixture compositions. This is a result of
considerable importance, since it allows overcoming the
principal drawback of discharges sustained in oxygen—
nitrogen binary discharge mixture demonstrated in the
previous section, i.e. the possibility to maximize either the
UV intensity or the removal rate of biological systems.

The results obtained are most likely connected not only
with the behaviour of the density of neutral species produced
in the plasma but also with the variation of the plasma density.
As can be seen in figure 5, argon addition into oxygen—
nitrogen discharge mixture leads to an increase in plasma
density similarly to the increase observed with increasing
fraction of Ar in Ar/O, plasma. This effect is due to higher
electron energy losses in interactions with molecular gases
than with argon atoms (e.g. [40]). In other words, the energy
supplied to the discharge is consumed in the case of molecular
gases not only for their ionization but also for their vibrational
and rotational excitations. Lowering the amount of molecular
gases in the initial discharge mixture therefore reduces these
energy losses and subsequently more energy is available for
ionization, which results in a higher plasma density, which has
important practical consequences:

First, the higher flux density of ions on the treated surfaces
promotes the process of its chemical sputtering by enhanced
rate of breaking of molecular bonds in the protein deposit by
impinging ions, thus creating more surface active sites that are
subsequently attacked by plasma produced radicals. This can
explain the observed increase in the BSA removal rate when
argon is added into the oxygen—nitrogen mixture in analogy to
the case of Ar/O, plasma discharge as described for the cases
of bacterial spores and hydrocarbon films [39].

Second, higher production of charged particles increases
the production of electronically excited species. This can be
demonstrated, for instance, on the behaviour of the intensities
of the first and second positive systems of molecular nitrogen
measured in O/N; and Ar/O,/N, plasma discharges. As
can be seen in figure 6, the intensity of these two spectral
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Figure 6. Intensity of the first positive system N,(B) and the second
positive system N,(C) of molecular nitrogen as a function of
nitrogen fraction in the initial discharge mixture (10 Pa, 350 W, total
gas flow 20 sccm).

bands decreases monotonically with increasing oxygen over
nitrogen ratio in the O,/N, mixture, which is, taking into
account almost constant plasma density, mainly due to the
decrease in the N, portion in the plasma discharge. This
trend is significantly altered when argon is added into the
discharge mixture—intensities of both nitrogen spectral bands
increase with decreasing N, amount, reflecting an increase in
the density of nitrogen molecules in their higher electronically
states. Although both N, (B) or N,(C) states do not contribute
to the production of excited NO molecules responsible
for the emission of UV radiation, one can expect similar
tendencies also for N(A) states that are strongly linked to
the densities of the N,(B) molecules [41] and that were
identified to play a dominant role for the production of NO(A)
molecules in the active zone of the discharge through reaction
(e.g. [42,43])

NO +N»(A) — NO(A) + N, )
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Figure 7. E to H mode transition power in studied discharge
mixtures (10 Pa, total gas flow 20 sccm).

as well as to contribute to the process of creation of ground
state NO molecules [41]:

N2(A) + O — NO + N(°D). 3)

The higher production of N,(A) resulting from the higher
electron density can therefore explain the more effective
excitation of NO molecules and consequently the higher
intensity of NOy spectral bands in the spectral range 235—
270 nm in Ar/O,/N, plasma discharges than in the oxygen—
nitrogen one.

Moreover, higher plasma density in argon containing
mixtures as compared with O,/N;, plasma discharge also has
practical consequences for process optimization: it lowers
the power transition point between E and H modes of ICP
discharges, i.e. modes characterized by prevailing capacitive
(E-mode) or inductive (H-mode) coupling [44], as depicted
in figure 7. This allows decreasing the applied RF power
maintaining high treatment efficiency connected with the H-
mode [23] on the one hand and lowering the thermal load on
the other hand. Especially the latter is of high interest from
the point of view of the real applications, where thermo-labile
materials have to be processed.

5. Conclusions

In summary, two different aspects of plasma discharges,
namely, their capability to emit UV radiation in the spectral
range suitable for fast inactivation of bacterial spores and
efficiency of removal of model biological substance, were
studied in order to explore the possibility to use Ar/O,/N,
discharge mixture for sterilization and decontamination of
surfaces. The results presented clearly show that under
otherwise identical operational conditions (RF power, pressure
and total gas flow), discharges sustained in the ternary
mixture of argon, oxygen and nitrogen combine advantageous
properties of plasma discharges operated in O2/N, and Ar/O,
mixtures. This allows reducing the applied RF power fed to
the discharge or to significantly shorten the treatment time

necessary for the assurance of the safety of processed medical
tools, which in turn limits undesirable damage induced by
plasma action on treated articles. The observed results were
furthermore related to the behaviour of plasma density that
has been suggested to be the major agent governing both the
production of UV radiation and the removal of BSA protein
deposits, selected as a model of biological contamination of
the surface.
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Effect of Low-Pressure Microwave Discharges
on Pyrogen Bioactivity

Ondrej Kylian, Marina Hasiwa, and Francois Rossi

Abstract—The effect of microwave discharge on pyrogen bio-
activity has been studied in different oxygen- and hydrogen-
containing mixtures with the aim of identifying the crucial
depyrogenation agent. According to the obtained biological results
and their comparison with properties of the plasma determined by
means of optical emission spectroscopy and Langmuir probe mea-
surements, it has been found that under experimental conditions
tested, depyrogenation is not greatly affected by UV radiation or
charged particles but is considerably accelerated by the presence
of atomic hydrogen.

Index Terms—Depyrogenation,
microwave discharge.

lipopolysaccharides (LPS),

I. INTRODUCTION

HE INTERACTION of specific microorganisms (bacterial

spores, viruses, moulds, or yeast) or biomolecules (e.g.,
pyrogens, proteins, and prions) with the human body can lead
to the onset of various diseases having frequently severe conse-
quences. Such potentially harmful organisms and biomolecules
must therefore be eliminated, inactivated, or removed from any
surface that can come in direct contact with the human body,
e.g., via surfaces of surgical tools, or indirectly through the
injection of drugs taken from contaminated vials. Hence, it is
not surprising that much effort has been devoted in the last
years to develop and validate techniques of sterilization and
decontamination, if possible operating at low temperature and
therefore enabling treatment of heat-sensitive materials. It has
been emphasized by many authors (e.g., [1]-[3]) that the ap-
plication of low-pressure discharges has many advantages over
conventionally used sterilization and decontamination methods
as moist and dry heat sterilization, ionizing irradiation (X-rays,
gamma rays, and electron beams), or chemical treatment (e.g.,
ethylene oxide (EtO) treatment). The strength of this approach
is mainly related to the fact that nonequilibrium discharges offer
the possibility of sufficiently fast sterilization and decontami-
nation under relatively low temperatures using nontoxic gases
and therefore enabling operator- and environment-friendly op-
eration. Generally speaking, nonequilibrium discharges act as
potent sources of a wide variety of both neutral and ionized
chemically active species that effectively sputter, destroy, or
alter the properties of biological contamination. Moreover, non-
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equilibrium plasmas can be used as sources of energetic UV/
VUV photons that can also inactivate or destroy biomolecules.

However, it should be noted that while applicability of
employing plasma for the sterilization of bacterial spores has
been demonstrated by many groups (e.g., [1]-[7]) and is gen-
erally accepted, current knowledge concerning deactivation or
destruction of other possible sources of infections or inflam-
mations using gas discharges is still relatively poor. This is in
particular true in the case of different kinds of pyrogens.

Pyrogens are fever-causing substances. Typical examples of
them are lipopolysaccharides (LPS), which are a major part
of the outer membranes of Gram-negative bacteria, and which
have been identified to act as extremely strong stimulators of
innate or natural mammalian immune system (e.g., [8]). The
physiological effects of pyrogens in humans are various and
dose dependent. Their presence in the blood stream leads to
the release of several inflammatory mediators (e.g., IL-1 5,
TNF-a), helping the body recognize sites of infection followed
by the elimination of invading microorganisms. However,
higher doses can lead to serious clinical events, like multiple
organ failure, septic shock, and ultimately to patient death
(e.g., [9] and [10]). Depyrogenation of all medical devices and
pharmaceutical containers before their use is therefore essen-
tial. The problem is particularly important for pharmaceutical
industry where the vials containing liquids to be injected must
be totally free from pyrogenic contamination.

Nevertheless, pyrogens, once present, are hard to remove.
This is mainly because they are extremely thermostable, and
therefore, high temperatures for their destruction are required.
At present, depyrogenation of vials is made by thermal treat-
ment at 250 °C for 30 min or 200 °C for 60 min [11], which
imposes the use of glass and is costly in terms of energy
and floor space. Therefore, a depyrogenation method based
on a mechanism different from heat is highly desired, and
application of low-temperature plasmas is one of the promising
candidates as suggested by several authors (e.g., [12] and [13])
and demonstrated in our previous publications ([14] and [15]).
According to the obtained results, the following conclusions
have been stated.

1) Two orders of magnitude decrease of LPS amount have
been observed using low-pressure microwave discharge
within several minutes of treatment.

2) The efficiency of LPS destruction depends on used gas
mixtures.

3) The observed decrease of LPS bioactivity is predomi-
nantly caused by plasma—pyrogen interaction. In other
words, it has been shown that in the condition tested,
LPS bioactivity is not greatly affected by other possible

0093-3813/$20.00 © 2006 IEEE
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Fig. 1. Experimental setup.

mechanisms such as increased temperature, microwave
radiation, or low-pressure conditions, at least within treat-
ment time.

4) According to the crystal microbalance study and its com-
parison with biological results, it has been concluded that
the loss of biological activity of Lipid A, which is the
pyrogenic part of LPS, can be due to both its etching
and the modifications of different chemical structures of
Lipid A [15].

In order to obtain better insight into the mechanism of LPS
deactivation during plasma treatment, new sets of experiments
have been performed and focused on the estimation of the
particular contribution of UV radiation, charged particles, and
active species produced by the discharge for depyrogenation.
In order to meet this objective, treatments of LPS samples
have been performed in discharges sustained in different gas
mixtures, and results of depyrogenation efficiency have been
compared with discharge properties determined by plasma di-
agnostics methods. The aim of this paper is to summarize the
results of this investigation.

II. EXPERIMENTAL
A. Depyrogenation Chamber

The experimental setup used for the depyrogenation tests is
depicted in Fig. 1. It consists of a stainless steel cylindrical
vacuum chamber (200 mm in diameter and 380 mm in length)
equipped with several diagnostics windows and one port for the
samples introduction. The processing chamber is connected to
the gas inlet system composed of mass flow controllers attached
to the gas lines (Hy, Oz, Ny, and Ar) and is evacuated by
a primary pump and a roots blower allowing a base vacuum
of 0.3 Pa.

The plasma is excited at a pressure of 13.3 Pa and a total gas
flow of 100 sccm (standard cubic centimeter per minute) by a
microwave power supply working at 2.45 GHz. The microwave
circuit includes a microwave supply (maximal power 2 kW),
a circulator, a three-stub impedance matching system, and a
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rectangular—circular waveguide transition. Microwaves are in-
troduced to the plasma chamber through a silica window placed
at the extremity of a circular 100-mm waveguide.

The discharge properties have been estimated by means
of several diagnostic methods. The composition of discharge
and the intensity of UV radiation in the spectral range of
200-300 nm have been determined by optical emission
spectroscopy using an Avantes AVS-PC2000 monochromator
equipped with a 2048-element linear charge-coupled device
array. Charged particle densities have been measured by means
of a Langmuir probe (Smart probe; Scientific Systems Ltd.;
Ireland) at the sample position. The gas temperature has been
monitored using the calibrated infrared pyrometer (Raynger
MX4; Raytek; USA).

B. Determination of Pyrogen Bioactivity

The samples to be treated were plastic 24-well polystyrene
tissue culture plates (Becton Dickinson Labware) covered with
100 ul of LPS extracted from Escherichia coli 0111 : B4 (Sigma
Aldrich) diluted in pyrogen-free water (1 ng of LPS in 1 ml
of water). After drying in the common flow-hood overnight,
the well plates were introduced to the plasma chamber at the
distance of 300 mm from the silica window and exposed to the
plasma for 60 s.

The bioactivity of LPS after plasma treatment has been
measured by human whole blood test (WBT) [16]. This test
uses immune defense mechanisms based on cytokine release
(e.g., IL-1 B, TNF-q) in the presence of an immune-stimulating
substance in the human organism. Adding LPS to human whole
blood and measuring the cytokines released (in current study
IL-1 B) by a sandwich ELISA (enzyme-linked immunosor-
bent assay) enables us to simulate the human response to an
immuno-stimulating event in vitro. The advantages of WBT
over traditionally used tests (the Rabbit or Limulus Amebocyte
Assay tests) are the possibility of performing measurements
directly on surfaces and lower detection limit. The measure-
ments of LPS bioactivity described in this paper are done in
a physiological environment, donor independent, and at least
three replicates have been used. More detailed description of
the WBT can be found, e.g., in [16].

III. RESULTS

The depyrogenation results obtained in different oxygen-
containing mixtures (Og:Ar, O3:Ng, and Og:Hjy) are sum-
marized in Fig. 2, which represents the biological response
normalized to its value obtained after treatment in discharge in
pure oxygen. It can be seen that the addition of Ar and N; into
the oxygen discharge does not lead to significant changes of
depyrogenation efficiency compared to the results obtained in
discharge in pure oxygen in contrast to the case of Hy addition
that results in fast increase of LPS deactivation (more than one
order of magnitude for 80% of hydrogen).

The obtained results allow us to estimate the importance of
possible depyrogenation agents for LPS destruction. First, com-
paring the observed behavior of depyrogenation efficiency in
different mixtures with UV radiation emitted by the discharges,
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Fig. 2. Bioactivity after plasma treatment normalized to the bioactivity
in discharge in pure oxygen (applied microwave power 1000 W, pressure
13.3 Pa, total gas flow 100 sccm, treatment time 60 s, LPS dilution 1 ng/ml).
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Fig. 3. Comparison of UV radiation intensities in Oz :N2 and Oz : Ar mix-

tures (applied microwave power 1000 W, pressure 13.3 Pa, total gas flow
100 sccm).

it is possible to conclude that there is no straight connection
between depyrogenation and UV light intensity, and therefore,
UV radiation is not under our experimental conditions the
principle depyrogenation agent. This fact can be demonstrated
by the comparison of depyrogenation results and intensity of
UV radiation measured as the integral between 200 and 300 nm
in Oy : Ny and O, : Ar mixtures. For these two mixtures,
almost the same treatment efficiency has been observed despite
significant distinctions of the UV radiation intensities (Fig. 3).
The second possible mechanism that could markedly influ-
ence the bioactivity of LPS is the sputtering of the deposit by
the charged particles. In order to estimate the importance of this
mechanism, electron densities as well as their temperature have
been determined by means of the Langmuir probe technique.
However, it has been found that neither the charged particles are
responsible for LPS deactivation. This can be demonstrated for
example on the case of the Oy :Hy mixture. As can be seen in

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 34, NO. 6, DECEMBER 2006

10™

l",E 10° % ;
S, ©
e 1 S
S Foa
B
| G T y
¢ SR G-
1=
O I']e
10° T T 7 T ™
0 20 40 60 80 100
0, [%]

Fig. 4. Electron density and electron temperature in Oz : H> mixture (applied
microwave power 1000 W, pressure 13.3 Pa, total gas flow 100 sccm).

10000 o @ OH band
E soriCee Oz" band
] Wt A~ O atom line
W 5
J Wi -~y Ha line
1000 W oy
E e
- v
=] 1
s 4
> 1005 LI
‘@ 3 v
§ ] o A PN —, o A%X
E ] mene®Teo o o v
mL v
104 | i
——— T T T T T T
0 20 40 60 80 100
0, [%]

Fig. 5. Behavior of spectral lines and bands in Oz :H2 mixture (appliéd
microwave power 1000 W, pressure 13.3 Pa, total gas flow 100 sccm).

Fig. 4, the addition of hydrogen into oxygen discharge causes
a dramatic decrease of electron density that is completely in
opposite to the biological results obtained, which indicate an
increase of the treatment efficiency after Hy addition.

The acceleration of LPS deactivation observed with the
increasing amount of Hs in the Og:Hp mixture cannot
be attributed to the increased energy release due to the
oxygen-hydrogen combustion since it has been found that the
temperature measured by means of the IR pyrometry stays,
under the experimental conditions tested, almost constant for
the addition of Hy up to 50% (approximately 40 °C) in contrary
to the depyrogenation results showing substantial alternations
of the biological activity of LPS.

Finally, the LPS can be inactivated by interactions with active
particles produced in the discharge. Since only the addition of
hydrogen to oxygen discharge leads to the significant increase
of depyrogenation efficiency, optical emission spectroscopy has
been employed in order to estimate the behavior of active
particles produced in the Os:Hsy discharge. According to the
obtained results (Fig. 5), it can be concluded that only the
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Fig. 6. LPS bioactivity after plasma treatment normalized to bioactivity of
hydrogen free discharges (applied microwave power 1000 W, pressure 13.3 Pa,
total gas flow 100 sccm, treatment time 60 s, LPS dilution 1 ng/ml).

spectral lines following the behavior of efficiency of LPS deac-
tivation, i.e., lines whose intensities increase with the addition
of hydrogen into oxygen discharge, are spectral lines belonging
to neutral hydrogen atoms and OH molecules. The occurrence
of both of these particles can therefore explain the rapid in-
crease of depyrogenation efficiency when hydrogen molecules
are added into an oxygen discharge. In order to estimate which
of them is responsible for the increased efficiency of plasma
treatment, additional experiments have been performed in other
hydrogen-containing mixtures, namely in Ar:Hs and Ny :Ho,
i.e., mixtures that do not contain OH radicals.

As can be seen in Fig. 6, in all the studied hydrogen-
containing mixtures, qualitatively the same behavior has been
observed, i.e., the increase of depyrogenation efficiency with
increasing amount of hydrogen in the discharge mixture. For
all the three tested mixtures, the only common particles are
hydrogen atoms and molecules. Since it has already been
demonstrated elsewhere [14] that Hy itself has no effect on
the bioactivity of LPS, it can be concluded that an increase of
depyrogenation efficiency under our experimental conditions is
connected principally with H atoms.

IV. CONCLUSION

The main objective of this paper was to estimate the impor-
tance of several possible depyrogenation agents that can cause
decrease of LPS bioactivity during its exposure to low-pressure
microwave discharge. Comparison of the measured bioactivity
after plasma treatment in different discharge mixtures, which
consisted of oxygen, nitrogen, argon, and hydrogen, with the
properties of these mixtures revealed that the depyrogena-
tion efficiency is under our experimental conditions almost
independent on the intensity of UV radiation in the 200- to
300-nm spectral range as well as on densities of charged
particles. In contrast, it has been found that the efficiency of
treatment can be significantly accelerated (in some cases, even
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more than by one order of magnitude) by atomic hydrogen. This
result is of a great importance particularly for the optimization
of plasma treatment in order to achieve 3 log reduction of pyro-
gen amount desired by legislative regulations within sufficiently
short treatment time.

Though, reported results are promising there are still several
open questions. This is in particular true concerning the mecha-
nism of diminishing the LPS bioactivity. This topic is a subject
of ongoing systematic investigation.
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Abstract

RF magnetron sputtering of a nylon target in different gas mixtures was studied in order to
evaluate the capability of this process to deposit amino-rich coatings needed in a wide range of
biomedical applications. It has been demonstrated that both the deposition rate of the coatings
and the surface density of primary amino groups are strongly linked with working gas mixture
composition. From this point of view, a sufficiently high deposition rate as well as the highest
amine efficiency reaching a NH,/C value of 18% was observed in the N,/H, discharge, which

leads to the surface exhibiting a high rate of protein adsorption.

1. Introduction

Application of non-equilibrium plasma discharges for the
fabrication of thin polymeric films has recently received
increased attention. This is given by the possibility to deposit
such coatings on a wide variety of substrate materials and
also by the possibility to tailor the properties of the resulting
deposits by selecting operational parameters such as working
gas mixture composition, pressure, discharge power or by
the application of discharge pulses having different ratios of
on and off phases. Especially, the possibility to adjust the
chemical and physical properties of deposited thin films is an
aspect of paramount importance for the production of coatings
needed for various biomedical applications. In this context,
one of the most challenging objectives is to produce films
having a high surface density of primary amines that were
identified to play an important role in surface interactions
with biological systems due to their ability to covalently
immobilize biomolecules (e.g. proteins or DNA [1]) or to
promote or facilitate cell colonization (e.g. [2]). Naturally,
such advantageous properties of amino-rich surfaces triggered
an investigation of possible ways for their fabrication by
means of non-equilibrium plasma discharges (e.g. review
papers [1,3]). These studies resulted in the suggestion

0022-3727/09/142001+04$30.00

of two principal strategies suitable for the preparation of
NH,-functional surfaces by means of plasma discharges.

The first option is based on adding desired functionalities
on the surfaces of polymers by their plasma treatment in
ammonia or N,/H, discharges (e.g. [3-5]). Although this
approach offers a fast process and high amine selectivity,
i.e. high ratio of NH, over N that can reach almost 100%,
the surface densities of primary amines, also denoted in the
literature as amine efficiency, expressed by the NH,/C ratio,
typically do not exceed several per cent. Moreover, since the
plasma treatment in this case modifies only the topmost layer of
atreated polymer it is not suitable for the applications requiring
deposition of a polymeric thin film.

Due to these limitations of methods based solely on
the surface modification, further investigation has been
focused on the second possibility based on the process of
plasma polymerization or co-polymerization (e.g. [6—13]).
Concerning these strategies, the most promising results were
achieved using NH3 plasma or discharge mixtures composed
of nitrogen and hydrogen combinedwith a suitable monomer.
As demonstrated in previous works, this approach leads to
the deposition rates of the coatings having values of several
nanometres per minute and amine efficiency NH,/C reaching
20% (e.g. [11]). Nevertheless, in all the suggested processes
the starting material of the polymerization is provided in a

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. Experimental set-up.

gas phase, which requires safety precautions regarding the gas
handling. Moreover, since the discharge is maintained in the
volume, the scaling-up of the process requires an increase in
the delivered power proportional to the increase in the volume
of the active discharge, which is inconvenient in terms of the
energetic balance of the process. It has been recently suggested
that these intrinsic drawbacks can be overcome by utilizing
RF magnetron sputtering of polymeric targets. This process is
more practical in terms of possible technological applications,
since the scaling in this case follows not the volume of the
active discharge but rather the surface area of the sputtered
target, and the material to be polymerized is provided in a
solid state. Nevertheless, although the possibility to apply
RF magnetron sputtering for the fabrication of amino-rich
thin films has been proposed recently [14], no attempt has
been devoted so far to the demonstration of the suitability of
this process to produce surfaces having high density of NH,
groups. The main intention of this paper is therefore to fill this
experimental gap. Specifically, the aims of this study are (i) to
determine the deposition rates of thin plasma polymeric films
in different discharge mixtures, (ii) to estimate the chemical
composition of the films and (iii) to evaluate the ability of the
surfaces so prepared to adsorb proteins.

2. Experimental

2.1. Deposition of thin films

The thin films were deposited by sputtering a Nylon 6,6
(Goodfellow) target (80 mm diameter, 2 mm thickness) in
different argon, nitrogen and hydrogen working gas mixtures
using a cylindrical plasma reactor depicted in figure 1. The
plasma was generated by means of a water-cooled RF planar
magnetron operated at a frequency of 13.56 MHz, at an applied
power of 40 W and at a pressure of 2 Pa. The substrates used
for the thin films deposition were placed at a distance of 50 mm
from the magnetron.

In order to monitor the process of thin films growth,
the processing chamber was equipped with quartz crystal
microbalance (QCM) used for the determination of the
deposition rates. Moreover, to convert measured shifts of

the crystal frequency caused by the growth of the polymeric
thin film into the thickness of the deposited material, the
heights of the thin films prepared in different working gas
mixtures were measured ex situ by a Woollam M-2000DI
spectroscopic ellipsometer in the spectral range 300—1200 nm.
Such determined thicknesses together with the measured
frequency shifts of the quartz crystal were subsequently used
for the calibration of QCM data that were then expressed in
terms of the layer thickness thus allowing to evaluate directly
the deposition rate of the polymeric films.

2.2. Samples characterization

The chemical composition of the deposited thin films was first
determined by a FT-IR spectrometer (Equinox 55, Bruker)
allowing in situ monitoring of the chemical composition of the
films. Furthermore, the deposition chamber was connected
with XPS using an Al Ka x-ray source (1486.6eV, Specs)
and hemispherical energy analyzer (Phoibos 100, Specs),
which enabled us to analyse the deposited samples within
5Smin after their deposition without breaking vacuum. The
fraction of primary amines on the samples prepared in
different working gas mixtures was subsequently quantified
by the derivatization technique based on the application of
pentafluorobenzaldehyde.

Additionally to the characterization of deposited thin
polymeric films from the point of view of their chemical
composition, the capability of produced films to adsorb
proteins was evaluated by means of QCM. In these experiments
80nm thick films were deposited on gold coated quartz
crystals that were subsequently immersed into a protein
solution (50 ..g ml~! of albumin in PBS). Adsorption kinetics
of proteins was then determined by measuring the temporal
evolution of the frequency shift of the crystals.

3. Results

3.1. Deposition rates of thin films

The deposition rate was the first parameter studied. It was
found that the fastest film growth can be achieved in Ar/N,
(50:50) discharge, followed by the discharge sustained in
a Np/H, (50:50) mixture, Ar plasma and, finally, Ar/H,
(50:50) plasmas as demonstrated in figure 2. In other words,
the presence of hydrogen in the discharge mixture results in
a decrease in the deposition rate, whereas nitrogen causes
its increase. These results are consistent with previously
published data and refer either to a significant contribution
of etching of the growing film induced by highly reactive
hydrogen atoms in the case of H, containing mixtures [3]
or to the enhancement of the amount of sputtered molecular
fragments connected with nitrogen in the second case. The
latter effect, observed for instance during polypropylene
sputtering [15], is most likely connected with the ability of
N atoms to effectively passivate dangling bonds created close
to the target surface by energetic ions bombarding the surface.
This in turn results in a lower cross-linking of the target surface
exposed to plasma, which consequently facilitates the release
of shorter molecular fragments by subsequent impact of ions.
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Figure 2. Time development of thin film thickness (left panel) and
corresponding deposition rates (right panel) in discharges sustained
in different gas mixtures (40 W, 2 Pa).

Higher fluxes of sputtered fragments on the substrate surface
then leads to an increase in the deposition rate.

3.2. Chemical composition of deposited samples and their
bioadhesive properties

As expected, both FT-IR and XPS measurements revealed a
strong dependence of the chemical composition of the deposits
on the discharge mixture used, as can be seen in figures 3 and 4.
The results can be summarized as follows.

Ar plasma results in the production of a film having
elemental composition almost identical to the bare nylon 6,6.

Ar/H; plasma results in the rise of carbon content in the
films at the expense of oxygen and nitrogen; the deposits
have a structure similar to the classical plasma hydrocarbon
films, which can be demonstrated by the dominance of FT-IR
peaks corresponding to the stretching and bending vibrations
of -CH,and —CHj; groups (3000-2800, 1460 and 1380cm™')
characteristic for such materials. Moreover, it is worth
mentioning that although this discharge provides a relatively
high degree of the amino selectivity in terms of the NH,/N
ratio, the surface density of NH, groups is even lower than
in the case of discharge in Ar alone, which is caused by the
reduced nitrogen content in the film.

In contrast to the Ar/H; plasma, discharge operated in an
Ar/N, mixture was found to lead to substantial enhancement of
the nitrogen fraction in the films as observed by XPS, and give
rise to the absorption peaks corresponding to —-NH stretching
vibrations (3700—2700 cm™1), nitriles and iso-nitriles (2500—
2300 cm™!) and bands in the range 1800-1500 cm™! that can
be assigned either to C=N, C=C or C=0 stretching vibrations.
Nevertheless, derivatization of the samples showed poor amine
selectivity NH,/N and consequently a relatively low amine
efficiency NH,/C that reaches a mere 5%. In other words,
only a limited portion of N atoms incorporated in the film is in
the form of primary amines.

Finally, N,/H, plasma was found to combine the
advantages of Ar/H, and Ar/N, discharges: its application
leads to both nitrogen rich coatings comparable to those
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Figure 3. Elemental composition without hydrogen (left) and amine
efficiency and amine selectivity of the thin plasma polymeric films
deposited by RF sputtering of Nylon 6,6 (right) (40 W, 2 Pa).
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Figure 4. FT-IR spectra of deposited thin films in different
discharge mixtures (40 W, 2 Pa).

prepared in Ar/N; plasma and high amine selectivity observed
in discharge sustained in an Ar/H, mixture, which offers the
possibility to reach amine efficiency close to 20%. This
result is highly competitive with the results obtained by other
methods, especially if one also considers the relatively high
deposition rate achieved during RF sputtering in this discharge
mixture.

The final step of the recent study was to evaluate the
capability of prepared samples to adsorb proteins, i.e. a feature
linking directly the surface properties with their response
towards the biological environment. This has been performed
in an additional set of experiments using QCM. As can be seen
in figure 5 summarizing the results of these measurements,
the rate of albumin adsorption corresponds to the NH, density
determined by XPS, i.e. the fastest process was observed for
samples prepared in N,/H, mixture, followed by Ar/N,, Ar
and Ar/H, discharges. These findings represent a straight
experimental confirmation of advantageous properties of thin
films prepared by RF sputtering of nylon in nitrogen—-hydrogen
working gas mixture.

138



J. Phys. D: Appl. Phys. 42 (2009) 142001

1OP FTC >

Fast Track Communication

25+

Af [Hz]

Ar

o Ar/H, 50:50

4 ArN, 50:50

v Ny/H, 50:50

T T T T T T T T T T T T Ul

0 10 20 30 40 50 60
Time [min]

Figure 5. BSA adsorption kinetics.

4. Conclusions

In summary, the following conclusions can be drawn. First,
it has been demonstrated that RF magnetron sputtering of
the nylon target offers the possibility to prepare thin plasma
polymer films having a high surface density of primary
amines at relatively high deposition rates, a finding which is
of high importance for possible application in technological
production of such surfaces. Second, on comparing discharges
sustained in selected gas mixtures it has been found that the
highest NH,/C ratio can be achieved in nitrogen—-hydrogen
discharge mixture. Finally, it has been confirmed that thin
films deposited in N/H, mixture are indeed capable of
adsorbing proteins at rates exceeding the values reached for
films prepared in other mixtures tested.

Although the main intention of this paper was
predominantly to explore the possibility to produce amino-
rich coatings by the process based on the RF sputtering
of a polymeric target, it has been found that this approach
represents a real alternative to other techniques. Further
investigations focused on the characterization of the deposition

process and its optimization are the subject of ongoing
experiments
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ARTICLE INFO ABSTRACT

This study concerns the detailed characterization of RF magnetron sputtering of Nylon in Ar, Ar/N; and N,/H
working gas mixtures; the main attention is paid to the evaluation of influence of operational parameters on
the deposition rate, plasma composition as well as on the chemical composition of the deposited thin films
without their exposure to open air. Operational conditions were found to have strong impact on the
composition of gaseous species flux on the substrate, namely on the presence of CN containing molecules, and
in the case of ions also on their energy. This subsequently influences both the deposition rate and the chemical
composition of the films. Regarding the deposition rate, the presence of nitrogen in the working gas mixture
was found to cause higher production of longer chain fragments that enhances the deposition rate of the
plasma polymeric films. The films deposited in Ar/N, and N,/H, mixtures possess also high and comparable
amount of nitrogen. Nevertheless, the way in which nitrogen is bonded in the films is different in these two
mixtures: according to the XPS analysis in films deposited in N,/H, mixture higher portion of nitrogen is
present in the form of amines while films deposited in Ar/N, mixture exhibit a higher fraction of nitriles and
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1. Introduction

RF sputtering of polymeric targets has been used to deposit various
plasma polymers having interesting properties with respect to their
possible application (e.g.[1,2]). This is also the case of RF sputtering of
Nylon 6,6 that was recently reported by our group [3]. It was shown
that in this case the resulting plasma polymer films have surface
density of primary amino groups exceeding, or at least comparable to
the films prepared by other plasma based techniques (e.g. [4-9]).
Such coatings are highly advantageous in a wide range of biomedical
and biotechnological applications. This is mainly due to the capability
of amino-rich surfaces to covalently bind diverse biomolecules and to
promote or facilitate cell colonization, which was already proved by
many authors (e.g. [10,11]).

However, for the effective use of RF magnetron sputtering of Nylon
for the fabrication of the above mentioned coatings suitable for
biomedical applications it is of highest importance to find out the
relationship between deposition parameters and the properties of
resulting coatings. Therefore, it was decided to characterize in detail
the film deposition process that uses argon, Ar/N, and N,/H, 1:1 as
working gas mixtures. The characterization includes a combination of
optical emission spectroscopy and mass spectrometry for plasma
characterization, quartz crystal microbalance for the determination of
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deposition rates and, finally, X-Ray photoelectron spectroscopy (XPS)
for the characterization of the chemical structure of fabricated films
immediately after their deposition, i.e. without their exposure to open
air. Results of this in-situ characterization of the deposition process
are reported below.

2. Experimental

Experiments reported in this contribution were performed in a
plasma reactor introduced in the previous studies [3,12]. It consists of
a cylindrical processing chamber (volume of 501) equipped with
several ports for plasma diagnostics as well as for in-situ character-
ization of growth of thin films of plasma polymers. The working gases
were introduced into the reactor through the gas inlet system
composed of needle valves connected to argon and nitrogen gas
containers and hydrogen generator (HG 2200, Claind). The processing
chamber was pumped by means of a rotary and a diffusion pumps to
the base pressure of 2x 107 Pa.

The plasma was sustained using water cooled planar RF magne-
tron, operated at a frequency of 13.56 MHz, equipped with Nylon 6,6
(Goodfellow) target with thickness 2 mm and diameter 80 mm.
Plasma was operated in pure argon, Ar/N, 1:1 and N,/H, 1:1 gas
mixtures, in the pressure range 0.5-6 Pa and applied RF powers up to
80 W.

The deposition rate (in terms of deposited mass) was monitored
in-situ by means of quartz crystal microbalance by measuring the
frequency shift Af of the oscillating quartz crystal (AT cut coated by
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Au/Cr) placed at a distance of 60 mm from the sputtered target. In our
conditions the frequency shift of 1 Hz per minute corresponds to the
deposition rate of 45 ng/cm®min.

The plasma was characterized by optical emission spectroscopy
and mass spectrometry. The emission spectra were acquired through
a quartz window by thermo-electrically cooled AvaSpec spectrometer
(Avantes) in the spectral range 230-750 nm. The mass spectra of
positive ions and neutrals presented in the plasma phase were
recorded by Hiden EQP 300 spectrometer. The mass spectrometer was
differentially pumped by a turbomolecular pump and the pressure in
the spectrometer during the acquisition of mass spectra was lower
than 3 x 107 Pa. The sampling orifice of the spectrometer was placed
at the distance of 70 mm from the sputtered magnetron target.

The chemical composition of the deposited films was determined
by XPS using an Al Ka x-ray source (1486.6eV, Specs) and
hemispherical energy analyzer (Phoibos 100, Specs). XPS measure-
ments were performed in a separate vacuum chamber connected by a
vacuum system with the deposition chamber allowing acquisition of
XPS spectra of samples within 5 minutes after the deposition without
their exposure to open air. The charging was corrected by referencing
all peaks with respect to the carbon Cls peak at binding energy
285.0 eV. The deconvolution of Cls peaks was carried out using a
30:70 Gaussian-to-Lorentz curve fitting with FWHM of 1.94-0.2 eV
taken equal for all the components. In these measurements one-side
polished Si wafers were used as substrates.

3. Results
3.1. Deposition rate

The first parameter studied was the deposition rate in dependence
on the operational conditions. It was observed that increasing applied
RF power leads to an increase of the deposition rate. However, it was
found that for powers higher than 40 W the temporal evolution of the
deposited mass starts to deviate from the linear trend as it is
demonstrated in Fig. 1 on the example of measurements performed in
Ar/N, mixture. This suggests insufficient cooling of the target at such
powers and its gradual evaporation which contributes to the
deposition process. Therefore, in order to avoid this rather uncon-
trollable phenomenon, further experiments were performed at 40 W
power.

Two different trends were observed regarding the pressure
dependence of the deposition rate. Whereas in the case of plasma
sustained in pure Ar the deposition rate monotonously increases
with pressure from 36 ng/cm?min at 0.5 Pa up to approximately
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Fig. 1. Temporal evolutions of the frequency shift of quartz crystal observed during the
deposition of thin films of plasma polymer in Ar/N, 1:1 mixture at 2 Pa and different
applied RF powers (left) and corresponding time evolution of the deposition rate
(right).

141

80 ng/cm”min for a pressure of 6 Pa, the deposition rate exhibits a
maximum value for about 2 Pa in discharges operated in both Ar/N,
(around 420 ng/cm?min) and N,/H, (around 270 ng/cm’min)
mixtures. Therefore, the pressure of 2 Pa was used in the following
experiments.

3.2. Mass spectrometry

Mass spectra of both positively charged ions and neutral species
revealed that besides the mass peaks corresponding to the working
gases and peaks characteristic for the presence of water molecules,
which are present in the processing chamber most likely as an
impurity, also various carbon, nitrogen, hydrogen and oxygen
containing species are produced in the plasma. This is shown in
Fig.2 that gives energy resolved mass spectra of positive ions that
were recorded in discharges sustained in all three employed working
gas mixtures. Furthermore, it can be seen that the densities of
detected ions as well as their energies are affected by the used
working gas. Two main observations can be summarized as follows.

First, it is obvious that there is considerably higher production of
heavier ions in the case of Ar/N, and N,/H, mixtures as compared to
the plasma operated in pure argon. This behavior, i.e. enhanced
production of heavier species, which was observed also in the case of
neutral species (data not shown), is most likely connected with the
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Fig. 2. Energy resolved mass spectra of positive ions recorded in discharges sustained in
N,/H, 1:1, Ar/N; 1:1 and pure argon (2 Pa, 40 W).
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transition from the pure physical sputtering in the case of Ar plasma to
the ion assisted etching of the target when Ar/N, and N,/H, mixtures
are used. In the later process the chemically active species produced in
the plasma interact with broken bonds created on the target surface by
the impact of energetic ions. This lowers the level of cross-linking and
facilitates release of molecular fragments from the target by subsequent
ion bombardment. Moreover, the highest production of longer
molecular fragments in Ar/N, mixture that is followed by N,/H, mixture
and plasma operated in pure argon correlates well with the deposition
rates measured by quartz crystal microbalance. This is plausible since
these longer fragments reaching the substrate surface can contribute to
the film growth and enhance its deposition rate.

Second, it can be seen in Fig. 2 that the energy of ions reaching the
mass spectrometer is highest in the case of argon plasma. The
presence of nitrogen and, in particular, hydrogen in the working gas
mixture causes a slight decrease of mean ion energies and narrows the
ions energy distribution.

Appearance mass spectroscopy was used to distinguish mass
peaks of hydrocarbons and nitrogen containing species present in the
mass spectra at the same m/z values. This technique is based on
recording the signal at a selected m/z value in dependence on the
energy of ionizing electrons in the mass spectrometer. In this study
we present results reached for mass peak at m/z=26 that can be
attributed either to C,H3 or CN'. Two different kinds of electron
energy scans were found: whereas the electron energy scan acquired
in the discharges operated in both nitrogen containing mixtures
shows two well separated phases having appearance energies at
approximately 12 and 20 eV, only a single phase electron energy scan
is observed in the discharge operated in pure argon, with appearance
energy of 12 eV (see Fig. 3).

The presence of the second phase in nitrogen containing plasmas
and its appearance potential suggests that this phase of electron
energy scan is connected with the presence of nitrogen containing
molecules (e.g. 19.4 eV for HCN, 20 eV for C3HN, 19.5 eV for C4HsN or
20.4 eV for CoN, [13]), whose dissociative ionization in the mass
spectrometer gives rise to CN™ ions. This finding is again in the
agreement with the mechanism of the ion assisted etching suggested
to play an important role in the plasmas operated in nitrogen
containing mixtures, since nitrogen atoms can interact with the target
material, which in turn should result in more enhanced release of
nitrogen containing molecular fragments.

3.3. Optical emission spectroscopy
In addition to mass spectroscopy, optical emission spectra of

studied plasma were recorded. As depicted in Fig. 4, in the emission
spectra of discharges sustained in Ar/N;, and N,/H, mixtures it was
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Fig. 3. Electron energy scans of mass peak at m/z=26 recorded in discharges sustained
in Np/H, 1:1, Ar/N; 1:1 and pure argon (2 Pa, 40 W).
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Fig. 4. Parts of optical emission spectra recorded in discharges sustained in Np/H, 1:1,
Ar/N; 1:1 and pure argon (2 Pa, 40 W).

possible to detect intense CN spectral band that was absent in the
spectra recorded in Ar plasma. This confirms the presence of CN
containing molecules suggested by mass spectrometry. Furthermore,
traces of spectral band of NH at 336 nm were found in the emission
spectra of plasma operated in N,/H,. This peak was not observed in
discharges operated in Ar and Ar/N, mixture.

3.4. Chemical composition of the deposited films

The deposited films of plasma polymers differ markedly in their
chemical composition as witnessed by XPS. It has been found that the
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Fig. 5. High resolution XPS scans of C1s peak of samples deposited in N»/H, 1:1, Ar/N;
1:1 and pure argon (2 Pa, 40 W).
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elemental composition of the deposited films without hydrogen is
almost the same when Ar/N; and N,/H, discharge mixtures were used
(C/N ratio is 1.4 or 1.39, respectively, and O atom concentration is in
both cases lower than 4%), in contrast to films resulting from Nylon
6,6 sputtering in pure argon that were found to have chemical
composition similar to the one of Nylon 6,6 (C/N ratio close to 5 and O
atom concentration 13.8%). The relatively high and comparable
amount of nitrogen incorporated into the films deposited in both
nitrogen-containing mixtures is in good agreement with the results of
mass spectrometry and optical emission spectroscopy that indicated
the presence of CN and CN-containing molecules in the discharge.

Nevertheless, in spite of similar elemental composition of coatings
deposited in both nitrogen containing working gas mixtures, the high
resolution XPS scans revealed distinct differences in the chemical
structure of these films. This can be seen in Fig. 5, which shows high
resolution Cls peaks deconvoluted in accordance with [8]. When
argon is used as the working gas, the most dominant peak in the C1s
spectrum is the one at 285.0eV (denoted C; in Fig. 5), which
corresponds to C-C and C-H bonds. The importance of the C; peak is
reduced when Ar/N, and N,/H, mixtures are used, which leads either
to enhancement of the peak at 285.7 eV belonging to various amine
C-N groups (denoted C, in Fig. 5) in the case of N/H, mixture, or the
peak corresponding to C=N, C=N, hydroxyl or ether groups at
286.7 eV in the case of Ar/N, mixture (denoted C; in Fig. 5).
Moreover, due to relatively low density of oxygen in the films that
is below 4%, the contribution from hydroxyls and ethers can be
neglected and the C; component could be assigned predominantly to
nitriles and imines. The minor component C4 at 287.9 eV is attributed
to the C=0 and N-C= 0 species and is present in equal amounts in
all the spectra. XPS is not capable of distinguishing between the
primary, secondary and tertiary amines, however the above
observations, i.e. highest contribution of the overall amine C-N
component to the C1s peak for films deposited in N»/H, mixture, are
in a good agreement with previously published results on the high
density of primary amino groups in such coatings determined by the
derivatization technique [3].

4. Conclusions

This study provides detailed characterization of the processing
plasma during RF magnetron sputtering of Nylon 6,6 target as well as
in-situ determination of chemical composition of deposited films of
plasma polymers. The deposition rates were found to be considerably
enhanced when Ar/N, and N,/H, mixtures are used as compared to
sputtering performed in pure argon. This effect is ascribed to higher
production of longer molecules and molecular fragments in these two
mixtures, as observed by mass spectrometry. Moreover, application of
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appearance mass spectrometry and optical emission spectroscopy
showed that in both Ar/N, and N,/H, mixtures CN containing
molecules are effectively produced in the processing plasma. This in
turn leads to the deposition of coatings having relatively high nitrogen
content (C/N ratio close to 1.4) as witnessed by XPS. Nevertheless,
substitution of argon in the Ar/N, mixture by hydrogen causes
significant change in the way in which the nitrogen is bonded in the
films: whereas in the case of Ar/N, working gas mixture a large
fraction of nitrogen is present in the form of nitriles and imines,
application of N,/H, mixture leads to higher production of amines.
Based on these results, which showed that a mixture of nitrogen and
hydrogen results in deposition rate comparable to the one measured
in Ar/N, mixture and high density of amines in the deposited films, it
seems that this working gas mixture is highly promising for the
fabrication of amino-rich films. Nevertheless, due to the nature of
biomedical applications there exist additional requirements on the
coatings: their stability in air, resistance towards liquids and
possibility to sterilize such coatings. These issues are the subjects of
on-going studies.
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ARTICLE INFO ABSTRACT

Available online 13 April 2011 Amino-rich polymeric coatings are widely used in biomedical applications, since they promote adsorption of
diverse biomolecules or facilitate cell growth. As a consequence, there is a growing interest in fabrication of such
coatings that is focused predominantly on the optimization of the deposition process in terms of high density of
primary amino groups. In addition, the nature of biomedical applications requires also sufficient stability of the
films in aqueous environments. This aspect is investigated in this contribution. In particular, the effect of water and
phosphate buffer saline on the coatings prepared by RF magnetron sputtering of Nylon 6,6 in Ar/N, and N,/H, gas
mixtures is evaluated. The samples exposed to liquids are characterized by various diagnostic methods and their
properties are compared with samples stored on open air. It is found that the solubility of the coatings is strongly
dependent on the working gas mixture: while the films prepared in Ar/N, mixtures are relatively stable in an
aqueous environment, much faster dissolving and roughening of the films deposited using N,/H, gas mixtures was
observed, which limits their applicability in the biomedical field. Moreover, it was found that chemical changes of
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the coatings are not significantly different for samples immersed into water or stored on open air.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Deposition of plasma polymers is a well established technique for the
fabrication of coatings used in diverse biotechnological applications.
This is mostly due to the fact that plasma based methods allow to
prepare homogeneous films on virtually any substrate material as well
as thanks to the possibility of tailoring physical and chemical properties
of deposited films. This is also the case of nitrogen-rich and in particular
of amino-rich coatings that are being used for controlling adherence,
growth and differentiation of cells (e.g. [1,2]) or covalent binding of
diverse biomolecules (e.g. [3]).

Amino-rich coatings were already prepared by a wide range of plasma
based methods employing either the plasma polymerization or co-
polymerization from gaseous precursors performed both at low and
atmospheric pressures (e.g. [4-7]), or by means of RF magnetron
sputtering of Nylon targets in Ar/N, and N,/H, atmospheres [8,9].
Nevertheless, the surface density of —NH, functional groups is not the
only parameter important for the use of such coatings in biotechnological
applications, where two additional requirements exist: the coatings
should be temporally stable to provide their sufficient shelf-life and they
should exhibit high resistance towards an aqueous environment.
Regarding the first aspect, i.e. temporal stability of the coatings, it has
been reported by many authors that the coatings gradually lose their
amino rich character, which is ascribed mainly to the oxidation of
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primary amino groups and formation of more stable amides (e.g. [10]).
Nevertheless, the recent studies indicated that loosening of primary
amino groups does not in some cases necessarily compromise the ability
of such coatings to promote cells adhesion and proliferation (e.g. [11]).
Therefore, we focus in this paper on the second aspect, which is of a
paramount importance for the good performance of amino-rich coatings,
since the coated surfaces are coming into a direct contact with liquids
(e.g. body fluids or culture media), which can lead to significant
alterations of their properties.

For instance Zhang et al. [12] showed that the exposure of plasma
polymerized amino-rich coatings to liquids can lead depending on the
applied power and used precursor to variations of their thickness as
measured by surface plasmon resonance spectroscopy. Effect of power
on stability of amino-rich films was studied also by Abas et al. [ 13]. These
authors showed that plasma polymerized allylamine either dissolves in
water in the case of films deposited at low applied powers or swell when
prepared at higher powers. Vasilev et al. [14] reported that amine
plasma polymer coatings prepared using n-heptylamine dissolve in
water, which is in certain cases accompanied by the formation of porous
microstructures observed by atomic force microscopy. The loss of the
thickness of the coatings was clearly demonstrated also by Ruiz et al.
[10] for the samples deposited from nitrogen or ammonia mixed with
ethylene either at low-pressure or at atmospheric pressure or by VUV
photo-polymerization. The solubility of the coatings was, moreover,
found to be dependent on the used deposition method (the relative
decrease of the thickness after 24 or 20 h of immersion of the samples
into water or PBS varied from few percent up to almost 100%) and is
accompanied by alteration of the chemical structure of the coatings,
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Table 1
Elemental composition (excluding hydrogen) of samples determined by XPS together with [0]/[C] and [N]/[C] ratios.
Ar/N, Na/H;
0O [%] C[%] N [%] [o)/I€] [NI/IC] 0 [%] C[%] N [%] [o1/IC] [N}/IC]
In-situ 3.8 56.7 39.5 0.07 0.69 33 56.6 40.1 0.06 0.71
1hon 149 54.2 30.9 0.27 0.57 10.8 54.9 343 0.19 0.63
open air
1 Day Air 17.0 53.7 293 031 0.55 12.7 55.5 31.7 0.23 0.57
Water 185 55.0 26.6 0.34 0.48 14.5 589 26.5 0.25 0.45

concretely by their oxidation and reduction of nitrogen content.
However, these authors observed, on the contrary to work of Vasilev
et al. [14], no significant changes of the morphology of the samples after
their immersion into liquids. Based on the above reported results it can
be concluded that whereas the loss of the thickness is a common feature
of most of the amino-rich plasma polymers exposed to liquids, its rate as
well as morphological changes are strongly linked with the employed
deposition method. Therefore, we have decided to investigate the
influence of water and phosphate buffer saline (PBS) on the films
fabricated by RF magnetron sputtering of Nylon in Ar/N; and N»/H; 1:1
working gas mixtures. These mixtures were selected since they have
similar elemental composition without hydrogen as revealed by in-situ
XPS ([N]/[C] ratio is in both cases close to 0.5) [15], but markedly
different density of primary amino groups ([NH;]/[C] ratio is approx-
imately 3 times higher in the case of coatings deposited using N,/H,
mixture as compared to Ar/N, mixture) [9].

2. Experimental
2.1. Samples preparation

The deposition of amino-rich coatings was performed in a plasma
reactor introduced in more detail in previous papers [8,9,15]. It consists
of a cylindrical processing chamber connected to a gas inlet system and
pumped by means of a rotary and a diffusion pumps (base pressure of
2x1072 Pa). The plasma was sustained using water-cooled, RF planar
magnetron operated at frequency of 13.56 MHz and equipped with
Nylon 6,6 (Goodfellow) target having thickness of 2 mm and diameter of
80 mm. Plasma discharges were operated in Ar/N; and N,/H, mixtures at
pressure of 2 Pa, total gas flow of 5 sccm and applied RF power of 40 W.
The substrates (one side polished Si wafers, gold coated quartz crystals
or glass) were introduced into the deposition chamber by a load-lock
system and were placed 50 mm from the sputtered target.

2.2. Determination of the influence of liquids on the thickness of coatings

The thickness of coatings submersed into liquids reflects two effects:
swelling and loss of material that is dissolved in liquids. In order to
estimate influence of these two effects, the procedure introduced by
Abbas et al. [13] was employed. First, the initial thickness of the samples
To was measured immediately after the deposition by means of spectral
ellipsometry (SE) using a variable angle spectroscopic ellipsometer
(Woolam M-2000DI) in the wavelength range of A =192-1690 nm at
an angle of incidence AOl =45-75° in air at room temperature. In order
to obtain the thickness of the coatings, recorded SE spectra were fitted
with multilayer model (Si/SiO,/plasma polymer) using the Comple-
teEASE analysis software. Afterwards, the samples were soaked for 24 h
in de-ionized water and dried by a flush of air. Immediately after the
drying step the thickness T; of the samples was measured. Subsequent-
ly, the samples were placed into an oven heated to 100 °C for 30 min to
evaporate water absorbed in the plasma polymer network and the
thickness T of the films was measured.' The thickness of the swelling

' It is important to mention that no considerable change of the thickness of reference
samples that were not soaked into water was observed after 2 h in an oven.

Tswen Of the coatings can be then determined as Tgyey = T; —T>, whereas
the loss of the thickness Tjqss is given by relation Tjss = Tp—To.

The evolution of the dissolving of deposited films in PBS was
performed also by measuring a QCM (Maxtek, Inc.) resonance frequency
shift, which is directly related to the mass on the crystal surface. In these
experiments, the crystals pre-deposited with a plasma polymer were
submerged into a beaker with 100 ml of a PBS solution and the temporal
evolution of QCM frequency was measured.

2.3. Determination of the influence of liquids on the morphology of coatings

Morphology of the samples was evaluated by atomic force
microscopy (AFM). AFM measurements were performed in the semi-
contact mode using NSC-16 silicon cantilevers (Schaefer Technologie,
GmbH) by means of Quesant Q-scope atomic force microscope. Each
reported value of surface root mean square (RMS) roughness represents
an average over three 7.5x 7.5 um scans (scan rate 2 s and resolution
512 x 512 points). The standard deviation of measured values of RMS
roughness was in all cases less than 0.2 nm. Moreover, the samples
exposed to PBS were prior to the AFM measurements gently rinsed by
de-ionized water to remove salt residuals formed after the liquid
evaporation.

2.4. Determination of the influence of liquids on the chemical structure of
coatings

Characterization of chemical composition was performed on polished
silicon substrates by XPS using Al Kow X-ray source (1486.6 eV, Specs)
equipped with a hemispherical energy analyzer (Phoibos 100, Specs).
The XPS scans were acquired at constant take-off angle of 90°. Wide
scans used for the evaluation of elemental composition of the films
(0-1300 eV) were recorded using pass energy 40 eV (step 0.5 eV and
dwell time 0.1s). The accuracy of the determination of the atomic
fractions is 10%. The high resolution scans were recorded at pass
energy 10 eV (step 0.05eV, dwell time 0.1s and 10 repetitions). All
the binding energies were referenced to the Cls carbon peak at
285.0 eV, to compensate for the effect of surface charging.

In addition to XPS also FT-IR spectroscopy was employed. The FT-
IR measurements were performed by FT-IR spectrometer (Equinox 55,
Bruker) allowing in-situ and ex-situ determination of the chemical
composition of the deposited coatings. For the FT-IR measurements
were used gold coated glass slides as substrate material.

3. Results

3.1. Chemical composition

Concerning the variations of the chemical composition of the
coatings it was observed that the films deposited in both discharge
mixtures readily oxidize on air, which can be seen in Table 1 on the
increasing of relative density of [O] atoms as well as on the increasing
ratio of [0]/[C]. This increase in oxygen fraction in the coatings occurs
almost solely at the expense of nitrogen, whose fraction was found to
rapidly decrease after the exposure of the samples to open air ([N]/[C]
ratio decreases by more than 30%). In other words incorporation of one
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Fig. 1. High resolution XPS scans of C1s peak of samples prepared in Ar/N, 1:1 mixture (up) and in N/H, 1:1 mixture (down) measured in-situ (left), after 1 day on air (center) and
after 1 day in water (right). Assignment of components of C1s peak is C1) C—C and C—H €2) C—N C3) C=N and C—O0 and C4) C=0 and N—C=0 (e.g. [10]).

oxygen atom is accompanied by the loss of one nitrogen atom. Such
behavior indicates that the hydrolysis by atmospheric humidity, i.e.
processes suggested by Foerch et al. [16], plays an important role in our
case. This distinguishes our results from the ones reported previously by

Truica-Marasescu and Wertheimer for low pressure plasma polymer-
ized ethylene [5].

Also the chemical structure of samples exposed to air is altered as
witnessed by high resolution XPS scans of C1s peak (Fig. 1). Although
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Fig. 2. FT-IR spectra of samples deposited in Ar/N; 1:1 (upper panel) and N,/H, 1:1 (lower panel) working gas mixtures measured in-situ immediately after the deposition and after
their exposure to open air for 1 h. The differences of the FT-IR spectra acquired in-situ and ex-situ are also depicted.
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Fig. 3. Thicknesses of films prepared in pure argon, Ar/N; 1:1 and N,/H, 1:1 mixtures after the deposition, after immersion into water for 24 h and after additional heating (upper
panel) together with estimated thickness changes caused by swelling and dissolving (lower panel).

the deconvolution of the Cl1s peak always poses certain uncertainty,
following conclusions can be drawn.

First, it can be seen that the exposure of samples deposited in both
Ar/N, and N»/H, working gas mixture to open air causes an increase of
N—C=0 and C=0 bonds (in both cases was observed the increase of
corresponding C4 component of C1s peak by more than 40%). This is
confirmed by FT-IR measurements that showed significant increase of
C=0 stretching vibrations in the FT-IR spectra after the exposure of
coatings to open air (see Fig. 2). Such changes are consistent with
hydrolysis of imines that give rise to the C=0 functionalities as well as
with formation of amides by the oxidation of primary amines (e.g.
[10]).

Second, the XPS results revealed differences in ageing of the samples
prepared in both employed working gas mixtures: whereas the
decrease of both C2 and C3 components of Cls peak (see Fig. 1),
which can be attributed in our case mainly to amines and imines,
respectively [15], was observed for samples prepared in Ar/N, mixture,
the C3 component is relatively stable in the case of N,/H, mixture.

It can be seen in Table 1 and Fig. 1 that the above described
changes in the chemical composition of deposited coatings are only
slightly accelerated by soaking the samples into water. Concretely,
immersion into water causes faster decrease of nitrogen content in
the coatings and leads to higher increase of N—C=0 and C=0 bonds
as compared to samples stored on open air. However, the differences
in the XPS spectra of samples immersed into water and stored on open
air are relatively small. This suggests that the changes in the chemical
composition of deposited films are linked mostly with the time after
the deposition and do not change significantly if the samples are
exposed directly to water or kept in humid open air.

3.2. Thickness evolution of samples immersed into liquids

The thickness of the coatings in dependence on their residence
time in de-ionized water was determined by means of spectral
ellipsometry as described above. As can be seen in Fig. 3, the decrease
of the thickness of films as well as their swelling was observed for all
tested samples immersed in water. Regarding the swelling, values of
Tswen Were found to be around 10% of the initial thickness of the films
deposited using all three discharge mixtures. On the contrary, it has
been found that the rate at which the coatings dissolve in water differs

markedly with the working gas mixture employed for the thin films
deposition: whereas the coatings prepared in N,/H, mixture dissolve
readily already after being 1 day in water (reduction of the thickness
was 35%), much slower decrease of the thickness of the samples
fabricated using Ar or Ar/N, was observed (reduction of the thickness
was less than 9%).

The same trends were observed for samples immersed into PBS.
However, in this case the results are compromised by the presence of
salt residuals that have to be rinsed first. Therefore, in addition to
ellipsometry, QCM was applied to measure the evolution of mass of
coatings presented on the surface directly in PBS. As can be seen in
Fig. 4, also these experiments showed stability of the films prepared
using Ar and Ar/N, in contrast to the films deposited in Ny/H,
mixtures that readily dissolved in PBS.

The higher solubility of the coatings prepared in N,/H, mixture is
consistent with their higher amino content as compared to the films
deposited in Ar/N, mixture [9]. As already reported in the previous
studies (e.g. [10]) the higher portion of polar —NH, groups in plasma
polymers is connected with presence of higher amount of low
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Fig. 4. Temporal evolution of QCM frequency shift of films immersed into PBS.
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Fig. 5. AFM 7.5 x 7.5 pum scans of a) sample prepared in Ar/N, 1:1 mixture b) sample prepared in Ar/N, 1:1 mixture and immersed for 1 day in water c) sample prepared in N,/H,

mixture d) sample prepared in N,/H, mixture and immersed for 1 day in water.

molecular weight fractions (so called oligomers) in the coatings that
are highly soluble in water.

3.3. Morphology of samples

The deposited films were found to be very smooth independently on
the working gas mixture used for their fabrication (RMS roughness 0.2-
0.3 nm) as can be seen in Fig. 5. After the exposure of samples to both
liquids, different trends in the evolution of the morphology of films were
observed. Whereas water and PBS caused only negligible changes of
RMS roughness of the samples prepared in Ar/N, mixture (from 0.2 nm
to 0.4 nm), considerably higher alterations of the morphology were
observed on samples deposited in N,/H, mixture, for which randomly
distributed ‘mounds’ on the surface were observed (see Fig. 5). These
‘mounds’ can be soluble part of the films that remained on the surface
after drying. Nevertheless, even in the later case the surfaces remained
rather smooth with the values of RMS roughness around 1 nm.
Moreover, no formation of porous microstructures reported previously
by Vasilev et al. [14] was observed.

4. Conclusions

In this study we have investigated stability of amino-rich coatings
prepared by RF magnetron sputtering from Nylon target in liquids, i.e.
aspect that can significantly influence the performance of such coatings
in biomedical filed. It is shown that the coatings prepared using N,/H,
1:1 working gas mixture dissolve in water or PBS, whereas much better
stability was observed for films deposited in Ar/N, mixture that is
comparable with the films prepared in pure Ar. The same tendency, i.e.
higher impact of both liquids on samples fabricated in N»/H,, was
observed also for morphology of the coatings. Moreover, it has been
found that samples immersed into water exhibit the same changes of
their chemical structure as compared with samples stored on open air.
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This study is focused on the evaluation of resistance of plasma polymers toward common sterilization tech-
niques, i.e. property important for possible use of such materials in biomedical applications. Three kinds of plas-
ma polymers having different bioadhesive natures were studied: plasma polymerized poly(ethylene oxide),
fluorocarbon plasma polymers, and nitrogen-rich plasma polymers. These plasma polymers were subjected to
dry heat, autoclave and UV radiation treatment. Their physical, chemical and bioresponsive properties were de-
termined by means of different techniques (ellipsometry, atomic force microscopy, wettability measurements,
X-ray photoelectron spectroscopy and biological tests with osteoblast-like cells MG63). The results clearly
show that properties of thin films of plasma polymers may be significantly altered by a sterilization process.
Moreover, observed changes induced by selected sterilization methods were found to depend strongly on the

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Plasma polymers are nowadays used in a wide range of biomedical
applications, where they act as interfacial layers modifying biological
response of coated objects (e.g. [1-4]). It has been demonstrated by
many groups that by proper selection of deposition condition plasma
polymers may either significantly promote or suppress protein ad-
sorption or cell attachment on surfaces. Typical example of material fa-
cilitating cell colonization of surfaces desired for instance for smooth
integration of implants is amino-rich coatings (e.g. [5-7]). On the con-
trary, material that has weak cell-surface interaction characterized by
scarce adhesion, low spreading and low coverage is plasma polymer-
ized polytetrafluoroethylene, at least if deposited as a smooth film [8].
Finally, non-bioadhesive properties needed to prevent adhesion of bio-
molecules presented in body fluids were reported for instance for
plasma polymerized poly(ethylene oxide) (pPEO) (e.g.[9-14]). The de-
position of plasma polymers is, however, advantageous not only be-
cause of a high versatility of their possible chemical composition, but
also by the fact that they can be produced in the form of ultrathin homo-
geneous films virtually on any substrate material. This makes plasma
polymers highly suitable also for integration to biosensing devices or
as a platform for further functionalization of surfaces (e.g. [15,16]).
Moreover, the deposition is a relatively fast process (common deposi-
tion rates are in tens of nm per minute), often without a need of toxic
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substances and suitable for in-line production. As a consequence of
these benefits various methods of fabrication of thin films of plasma
polymers were suggested including for instance plasma enhanced
chemical vapor deposition using gaseous precursors (e.g. [17-22]),
RF magnetron sputtering of polymeric targets (e.g. [23-27]) or plas-
ma assisted thermal vapor deposition (e.g. [14,28-31]). Naturally,
the main objective of investigations related to biomedical use of
plasma polymers was identification of the conditions leading to the
production of plasma polymers having desired bioresponsive prop-
erties, high temporal stability as well as stability in aqueous environ-
ments (e.g. [32-36]). Nevertheless, due to the nature of biomedical
applications, the coatings should also withstand a sterilization process.
The resistance of plasma polymers toward common sterilization pro-
cesses was, however, overlooked in the literature, and there exists
only limited number of studies devoted to this topic, which are focused
on one selected plasma polymer only (e.g. plasma polymerized acrylic
acid [37], PEO [38]). This paper is therefore focused on this phenome-
non, which may be in some cases determinant for the use of plasma
polymers as biomaterials.

As stated above, plasma polymers may be prepared by various tech-
niques and their properties (e.g. density of functional groups or degree
of cross-linking) can be largely varied in dependence on used deposi-
tion parameters. In this study we have selected three examples of sur-
faces with different biological responses: hydrophobic fluorocarbon
plasma polymers, bioadhesive nitrogen-rich plasma polymers and bio-
logically non-fouling PEO-like plasma polymers. These samples were
subjected to the three sterilization procedures commonly employed in
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biomedical praxis (dry heat, autoclave and UV radiation treatment) and
their physical, chemical and bioresponsive properties were determined
by means of different techniques.

2. Experimental details
2.1. Deposition of plasma polymers

RF magnetron sputtering of polymeric targets was shown to be
very effective in fabrication of thin plasma polymer films. Here,
polytetrafluoroethylene (PTFE) and nylon 6, 6 were chosen as targets
for RF magnetron sputtering. A previous study showed that sputtering
of PEO did not prove to be suitable for deposition of PEO-like plasma
polymers [29]. Plasma-assisted vacuum evaporation of PEO was chosen
instead of RF magnetron sputtering to produce plasma polymers with
chemical composition close to original PEO.

2.1.1. Deposition of RF sputtered PTFE

The deposition of PTFE-like films (pPTFE) was performed in a depo-
sition chamber schematically depicted in Fig. 1A and described in more
details in the previous studies [39,40]. It consists of a cylindrical parallel
plate processing chamber (volume of 50 1) pumped by means of a rota-
ry and a diffusion pump (base pressure 2x 10> Pa) and connected to
an Ar line. The plasma was sustained using a water-cooled, RF planar
magnetron operated at applied power of 100 W and frequency of
13.56 MHz. The magnetron was equipped with a PTFE (Goodfellow)
target with the thickness of 3 mm and diameter of 80 mm. The sub-
strates (1.25x1.25 cm one side polished Si wafers or glass slides)
were introduced into the deposition chamber by a load-lock system
and were placed 170 mm from the sputtered target. RF discharge was
operated in Ar at pressure of 5 Pa and a total gas flow of 12 sccm. Depo-
sition time was 5 min.

2.1.2. Deposition of RF sputtered nylon

RF magnetron sputtering of nylon was performed in a plasma re-
actor similar to the one used for the deposition of the pPTFE films
presented in Fig. 1A and introduced in more detail in previous papers
(e.g. [41,42]). The magnetron was equipped with nylon 6,6
(Goodfellow) target that was 80 mm in diameter and 2 mm thick.
RF discharge was operated at an RF applied power of 40 W in a mix-
ture of 1:1 of argon and nitrogen at a pressure of 2 Pa and a total gas
flow of 5 sccm. The sputtered nylon films (pSN) were deposited on
the substrates positioned in a distance of 50 mm from the sputtered
target. These deposition conditions were selected on the basis of the
previous experiments that showed that resulting films pose sufficient
surface density of — NH, groups [40] and good stability in liquids [35].
Deposition time was 10 min.
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2.1.3. Deposition of films of plasma polymerized PEO

The deposition of pPEO plasma polymers was performed by plas-
ma assisted vapor deposition in an experimental set-up presented in
Fig. 1B and described in previous articles [14,29]. It consists of a
vacuum chamber pumped with rotary and diffusion pumps to a base
pressure of 10~ 2 Pa. A copper crucible designed for the evaporation of
PEO (Sigma-Aldrich, M =2500) was electrically heated up to a temper-
ature of 280-340 °C. The crucible was located coaxially with and above
an RF magnetron equipped with graphite target (Goodfellow) fed by an
RF generator (13.56 MHz, Dressler Ceasar) at power of 5 W. The sub-
strates (1.25x1.25 cm one side polished Si wafers or glass slides)
were placed 10 cm above the crucible. Argon at pressure of 1 Pa and
flow rate of 5 sccm was used as a working gas. These deposition condi-
tions assure the fabrication of the films with high retention of the PEO
character and with good stability in aqueous environment [31]. Deposi-
tion time was 10 min.

2.2. Sterilization of plasma polymers

The deposited samples were sterilized by three commonly used
techniques—UV radiation, dry heat and autoclave. The treatment by
UV radiation was performed using a UV-C lamp (SANKYO DENKI
G20T10) for the irradiation time of 2 h. Dry heat sterilization was
done at a temperature of 160 °C by a hot air sterilizer (HS202A) for
2 h. The autoclaving was performed at temperature of 120 °C in
de-ionized water for 1 h by means of a commercial autoclave
(Tuttnauer 2540 ELC).

In order to limit possible aging effects connected for instance with
relaxation of residual radicals in the films of plasma polymers, the sam-
ples were left for 2 days on the open air prior to sterilization, i.e. for the
time long enough to cause substantial decrease of the amount of free
radicals trapped in common plasma polymers (e.g. [43-45]).

2.3. Characterization of plasma polymers

The thickness of the coatings before and after sterilization was de-
termined by means of spectral ellipsometry using a variable angle
spectroscopic ellipsometer (Woolam M-2000DI) in the wavelength
range of A=192-1690 nm at an angle of incidence AOI=55-75° in
air and at room temperature. The samples were modeled as Si/SiO,/
plasma polymer system and the final thickness value given is calcu-
lated as the mean from three measurements on each sample (the
maximal standard error of mean is 2 nm).

Morphology of the samples was evaluated by atomic force microscopy
(AFM). The AFM measurements were performed in a semi-contact mode
using NSC-16 silicon cantilevers (Schaefer Technologie, GmbH) by means

B)

RF genrator
= R‘ﬁ'?
RF genrator
1l

cooling
water

Fig. 1. The scheme of the experimental setup for deposition of A) plasma sputtered PTFE and B) pPEO films. (S—substrate, C—crucible, M—magnetron).
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of a Quesant Q-scope 350 atomic force microscope. In all the cases, the
scans of 5x 5 um? with resolution 512 x 512 points were taken.

The chemical composition of the samples before and after their ster-
ilization was analyzed by X-Ray Photoelectron Spectroscopy (XPS,
Phoibos 100, Specs) using an Al Koo X-ray source (1486.6 eV, Specs).
The X-Ray Photoelectron spectra were acquired at a constant take-off
angle of 90° with pass energy of 40 eV (wide spectra) and 10 eV
(high-resolution spectra). Peak fitting of the high-resolution spectra
was performed by the Casa software and depended on the type of the
sample. For the pPTFE films, the XPS spectra were referenced to the
peak at 292 eV, which corresponded to the CF, functional groups.
Other components for fitting of the C 1s peak were positioned at
287.4 eV (C-CF), at 290.0 eV (C-F) and at 294.1 eV (CF3). The addi-
tional component at 285.0 eV (C-C) was added where relevant. In
the case of RF sputtered nylon, all the binding energies were referenced
to the C 1s carbon peak at 285.0 eV. The C 1s was fitted by three compo-
nents at 285.0 eV (C- C/C—-H bonds), 286.5 eV (collective contribution
from the C-N, the C=N and the C=N groups) and 288.1 eV (C=0,
N-C=0). The PEO-like plasma polymers prepared by plasma-assisted
vacuum evaporation of PEO have been recently shown to consist pre-
dominantly of the C—O-C groups [14,30,31] and therefore the XPS
spectra were charge referenced for ethers at 286.5 eV. The C 1s peak
was fitted by three peaks at 285.0 eV (C-C/C—H), at 286.5 eV
(C-0-C) and at 287.8 eV (C=0). The fourth component at 289.0 eV
(O-C=0) was introduced where relevant.

The wettability of the samples was determined by means of a sessile
drop method using a goniometer.

2.4. Biological tests

The samples were seeded with human osteoblast-like MG 63 cells
(European Collection of Cell Cultures, Salisbury, UK), suspended in
Dulbecco's modified Eagle's Minimum Essential Medium (Sigma,
U.S.A,, Cat. No. D5648) with 10% fetal bovine serum (Sebak GmbH,
Aidenbach, Germany) and gentamicin (40 pg/ml, LEK, Ljubljana,
Slovenia). Each well contained 20,000 cells (i.e., approximately
5,500 cells/cm?) and 3 ml of the medium. The cells were cultured
for 1 day at 37 °C in a humidified air atmosphere containing 5%
CO,. For each experimental group, three samples were used.

1 day after the seeding the samples were rinsed with phosphate-
buffered saline (PBS; Sigma, USA), fixed with 70% frozen ethanol
(room temperature, 20 min) and stained with a combination of two
fluorescence dyes, i.e. cell membrane dye Texas Red C2-maleimide
(excitation maximum 595 nm, emission maximum 615 nm; Molecular
Probes, Invitrogen, USA, Cat. No. T6008; 20 ng/ml of PBS) and nuclear
dye Hoechst #33342 (excitation max. 346 nm, emission max.
460 nm; Sigma, USA; 5 pg/ml of PBS) for 2 h at room temperature.
The number of cells on the surface was evaluated on microphotographs
taken under an IX-50 microscope, equipped with a DP 70 digital camera
(both from Olympus, Japan, obj. 20 x).

The quantitative data are presented as mean 4+ standard error of
mean. The statistical analyses were performed using Origin software.
The multiple comparison procedures were carried out by the analysis
of variance method. The value p<0.05 was considered significant.

3. Results and discussion

3.1. Influence of sterilization methods on thickness and morphology of
the plasma polymers

The first studied parameter was variation of the thickness of the
plasma polymers depending on the sterilization method used. Regard-
ing the films of pPTFE, no significant variations of their thickness were
observed after sterilization by UV radiation, dry heat or autoclave as
can be seen in Fig. 2A.
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Fig. 2. Comparison of thicknesses of plasma polymers before and after their sterilization.
A) plasma sputtered PTFE, B) plasma sputtered nylon and C) plasma polymerized PEO.

In the case of the pSN plasma polymers, only combination of moist
environment with elevated temperature caused a significant decrease
of the film thickness. It can be seen in Fig. 2B that almost one half of
the deposited coating was removed by autoclaving. Dry heat was less
detrimental to the thickness of the pSN films.

Comparison of the pPEO films before and after their sterilization
shows that only UV radiation did not change the thickness of the films
(Fig. 2C). Both autoclave and, even to more extent, dry heat caused re-
duction of the film thickness, which suggests thermal instability of the
pPEO films.

Obviously, different plasma polymers possess different resistance to-
ward main sterilization techniques in terms of their thickness. This is of
high importance especially for ultrathin coatings (i.e. coatings having
thickness of several nanometers) needed for instance for various biosen-
sors including those based on surface plasmon resonance. In this case, the
thickness reduction may cause exposure of underlying substrate, which
can subsequently interact with biological samples and give false signal.

In contrast to the thickness, AFM scans revealed that none of the
used sterilization techniques modified markedly the roughness of the
deposited coatings. In all the cases, the films remain very smooth
(root mean square roughness is below 1 nm), with only few “spikes”
on a surface induced by the sterilization process.

3.2. Influence of sterilization methods on chemical composition of plasma
polymers

The XPS showed that the pPTFE films were composed mainly of F
and C atoms. Insignificant incorporation of oxygen was also detected
(Table 1). After the sterilization, the F/C ratio remained the same for
the UV-treated and dry heated samples but a decrease was observed
for the autoclaved samples for which the F/C value dropped to 0.81.
These changes in F/C are further evidenced by the high-resolution spec-
tra and by the water contact angle (WCA) measurements. The C 1s spec-
tra of the as-deposited, UV-treated and dry heated samples are identical
(Fig. 3, Table 1) and their WCA are very close. The C 1s of the autoclaved
sample differs from the others by enhanced contribution from the C-C

Table 1
The XPS analysis of the non-sterilized and sterilized pPTFE films.

F[%] C[%] O[% F/C C-C% C-CF% CF% CF% CF3%
As deposited 493 497 10 099 1 26 27 27 19
UV radiation 488 500 12 098 2 25 28 26 19
Autoclave 424 526 50 081 25 22° 20 2 1
Dry heat 489 496 15 099 1 26 28 27 18

@ In case of autoclaved sample this peak overlaps with C— O peak.
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Fig. 3. High resolution XPS scans of C1 s peak of pPTFE films (left) and water droplets on pPTFE films. A) non-sterilized sample, B) sample sterilized by UV radiation, C) autoclaved

sample and D) sample treated by dry heat.

bonds which occurs at the expense of the F-containing bonds (C- CF,
C-F, CF, and CF3). Correspondingly, WCA decreased from about 110°
observed for the non-sterilized, UV and dry heated films down to 83°
for the autoclaved samples. Such decrease is consistent with the typical
WCA values reported for fluorocarbon polymers (109°, PTFE) and hy-
drocarbon polymers (80-90°, PE).

Conventional PTFE is very stable thermally and chemically. Its
thermal degradation starts at temperatures exceeding 750 K [46].
Other fluorocarbon polymers, especially those containing tertiary
carbon atoms in their structure, are less stable and degrade at tem-
peratures below 570 K [47]. The pPTFE plasma polymers are much
more branched and contain considerable amounts of tertiary carbon
atoms (represented in the high-resolution XPS by the CF groups). It
can be therefore suggested that the pPTFE films have worse thermal
stability than conventional PTFE. Nevertheless, the temperature of
160 °C (433 K) used here for the dry heat treatment is neither suffi-
cient to induce noticeable changes in chemical composition of the
plasma polymers nor to result in their weight loss.

In contrast to other sterilization techniques, autoclaving causes
chemical changes that are not negligible. Both the decrease of the
F/C ratio and the enhancement of the C—C bonds evidence that the
PPTEE films become deficient with fluorine. The fact that the thick-
ness of the films does not change leads to a conclusion that the re-
lease of fluorine-bearing species is compensated from outside,
oxygen being responsible for such contribution. The concentration
of oxygen increases from about 1% for the as-deposited films to 5%
after autoclaving. The mechanism of such substitution as well as
the type of the fluorine-bearing species released is not clear as the
data on thermal degradation of fluorocarbon polymers under purely
water vapor atmosphere are scarce in the literature, yet. At present
only certain speculations can be drawn.

The main product of thermal degradation of conventional fluorocar-
bon polymers under anaerobic environment (vacuum, dry nitrogen) is
tetrafluoroethylene, TFE, while oxidative pyrolysis gives COF, as the
principal evolved gas with smaller amounts of TFE, CO, CO,, and other
species [47,48]. Baker and Kasprzak studied thermal degradation of
commercial fluoropolymers in 50% humid air and found a significant
formation of HF [48]. The controversial release of HF by perfluorinated
(and therefore dehydrogenated) polymers was explained by oxygen

reacting with polymer radical with the emission of COF, which further
hydrolyzed by reaction:

COF, + H,0—CO, + 2HF. (1)

Our experiments were performed at much lower temperature, at
lack of oxygen and at excess of water vapors. Hence, it was the action
of water molecules themselves that lead to the pPTFE films partially los-
ing fluorine and acquiring oxygen. Apparently, in this process the
fluorine-bearing species should be sufficiently small to be volatile. The
release of low molar mass fluorocarbons including TFE is unlikely as it
would lead to the weight loss of the material which was not the case.
The lack of oxygen should also render the release of COF, impossible.
Therefore, hydrogen fluoride, HF, seems to be an appropriate candidate
to serve as an escaping species. In this case, however, HF is formed rath-
er as a result of a direct attack of H,O on the fluorocarbon chain and not
as a product of hydrolysis of COF,. Since the CF bond weakens with less
fluorine atoms attached to carbon [49], tertiary carbon atoms are most
likely to take part in hydrolysis as they are weakest and therefore
most vulnerable to such attack. The assumption of cleavage of the fluo-
rine atoms from the tertiary carbon atoms is supported by the decrease
of the CF and C-CF bonding environments in the C 1s XPS (Fig. 3,
Table 1).

The pSN films were found to be composed of O, N and C (see
Table 2). UV sterilization did not result in the change of the elemental
content and produced the minimal changes in the chemical bonding.
The concentration of the C— C/C—H bonds increased and the concentra-
tion of various CN bonds decreased slightly, which can be seen in Fig. 4.

Table 2
The XPS analysis of the non-sterilized and sterilized pSN films.
O[%] C[%] N[%] O/N N/C C-C,C-H% CN,*% (=0,
N-C=0%
As deposited 140 543 31.7 044 058 34 41 25
UV radiation 14.0 542 31.8 044 059 38 37 25
Autoclave 164 573 263 062 046 45 31 24
Dry heat 13.1 566 303 043 054 44 39 16

¢ CN stands for various C—N, C=N and C=N species which cannot be resolved by
XPS and which are represented by a single C 1s component at 286.5 eV.
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Fig. 4. High resolution XPS scans of C 1s peak of pSN films (left) and water droplets on PSN films. A) non-sterilized sample, B) sample sterilized by UV radiation, C) autoclaved sample and

D) sample treated by dry heat.

Dry heat induced more significant changes. The films became
more carbonized with the C—C/C—H groups reaching 44% as com-
pared to 34% in the as-deposited samples. The total concentration
of various CN groups remained almost at the initial level (39% against
41% in the as-deposited samples) but the concentration of the
carbonyl- and amide-based species decreased significantly from
25% to 16%. Although nylon sputtered films have little in common
with nylon itself, certain correlation in their thermal behavior can
be noticed. Conventional nylons including nylon 6, 6 do not decom-
pose thermally below 615 K [46]. At temperatures above 615 K
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cleavage of the weakest C— N and CO - CH, bonds occurs and volatile
species are emitted. The main gaseous products of thermal degrada-
tion of nylon are CO, and H,0. At even higher temperatures the re-
lease of HCN is possible [46]. Here, significantly lower temperature
of 160 °C (433 K) was applied to the pSN films. Nevertheless, slight
loss of mass (Fig. 2) implies that small amounts of volatile products
were released as a result of thermal degradation. Furthermore, the
reduction of the C=0/N-C=0 XPS peak indicates that, as in the
case of conventional nylons, carbon dioxide may be considered as
the main escaping species. Apparently, oxidation of the pSN films
by oxygen from air does not play a significant role here as it should

WCA = 36°
A)
WCA = 37°
B)
WCA = 46°

C)

WCA = 49.6°
D)

Fig. 5. High resolution XPS scans of C 1s peak of pPEO films (left) and water droplets on pPEO films. A) non-sterilized sample, B) sample sterilized by UV radiation, C) autoclaved

sample and D) sample treated by dry heat.
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Table 3
The XPS analysis of the non-sterilized and sterilized pPEO films.
0 [%] C %] o/C C-C,C-HY% Cc-0-G % =0,% 0-C=0,%
As deposited 37.6 62.4 0.60 11 77 12 -
UV radiation 37.8 62.2 0.61 12 77 11 -
Autoclave 38.2 61.8 0.62 14 72 14 -
Dry heat 42.2 422 0.73 21 55 9 15

proceed to formation of the carbonyl-based species (via peroxy- and
hydroperoxy radicals) [47] and thus lead to increase of oxygen con-
tent. None of this was detected by XPS.

Although performed at lower temperature than dry heat treatment,
autoclave produced the most pronounced changes in the chemical com-
position of the pSN films. The increase of oxygen and simultaneous de-
crease of nitrogen content were detected. This resulted in an increase of
O/N ratio approximately by 40% as compared to the O/N ratios observed
for the not sterilized, UV and dry heat samples. Oxidation can also be
ruled out here as autoclaving is performed in water vapors without
presence of air. Therefore, reactions of certain functional groups with
water, i.e. hydrolysis, should be considered. Significant loss of mass
detected for the pSN films indicates that hydrolysis should be accompa-
nied by the release of volatile species. The analysis of the C 1s XPS shows
that the hydrocarbon content increases similar to the dry heat treat-
ment, the concentration of the CN species decreases from initial 41%
to 31% and the concentration of the C=0/N - C=0 species remains con-
stant. The CN component of the C 1s peak is contributed by the C—N
(primary, secondary and tertiary amines), the C=N (imines) and the
C=N (nitriles) groups. Of all these species, imines are most prone to hy-
drolysis by reaction:

—C=N- + H,0—-C =0+ NH,1. 2)

In fact, this reaction was proposed as a possible route of aging of
amine-containing plasma polymers in air [50]. Those plasma poly-
mers were found to degrade slowly with the loss of nitrogen over ex-
tended periods of time. In our case, the mechanism of the imine

A)

hydrolysis is accelerated due to elevated temperature and higher con-
centration of water. Amines and nitriles can hardly take part in hy-
drolysis with elimination of ammonia [51]. Amines get partially
protonated upon reaction with water and this is the final step of
their hydrolysis which cannot explain the observed transformation
of the XPS spectrum. Nitriles undergo hydrolysis with formation of
amides and with further elimination of ammonium ions or ammonia.
However, the rate of the reaction is extremely low and normally acid-
ic or basic catalysts should be used which is not the case here. Thus, it
is likely hydrolysis of imines that is predominantly responsible for the
loss of nitrogen content and decrease of the CN species in the pSN
films during autoclaving.

It is worth noting that hydrolysis of imines results also in forma-
tion of the carbonyl-based species and therefore it should lead to
the increase of the C=0/N-C=0 component of the C 1s XPS peak.
Nevertheless, it remains at the same level as in the as-deposited
films. We suppose here that the mechanism of thermal degradation
described above for the dry heat treatment is also active at some ex-
tent in the case of autoclaving and the supply of carbonyls as a result
of hydrolysis of imines is counterbalanced by the loss of carbonyls
due to release of CO,.

The WCA data also reveal interesting correlation with the XPS
spectra, with intensity of the C=0/N-C=0 component in particular.
For the as-deposited, UV and autoclaved samples the WCA of approxi-
mately 47° was measured whereas for the dry heat sample it reached
the value of 80° (see Fig. 5). This strongly correlates with lower
amount of the C=0/N - C=0 groups after dry heat treatment as com-
pared to other samples. Therefore its seems that carbonyl-based

B)

100 pm

Fig. 6. Human osteoblast-like MG63 cells in 1-day-old cultures on pPTFE A) without sterilization or subjected to B) UV radiation treatment, C) autoclave treatment or D) dry heat

treatment.
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Fig. 7. Number of adhering MG63 cells 1 day after seeding on pPTFE films sterilized by
different methods. For comparison the number of cells adhering on polystyrene dish
(PS) is also given.

species, even though being in minority, govern polarity of the surface
and have strong influence on the wettability of the pSN films.

The as-deposited pPEO films were composed of carbon and oxy-
gen with O/C ratio of 0.6 (Table 3). The high resolution C 1s XPS re-
vealed that the most dominant peak corresponded to the C-0-C
bonds (77%), followed by the C=0 bonds (12%) and the C-C/C-H
bonds (11%) (Fig. 5). The contribution of these three peaks to the C
1s envelope remained almost unaffected when the samples were ex-
posed to UV radiation. Similarity between the as-deposited and the
UV irradiated samples was also confirmed by the WCA measurements
giving 36° and 37° for both.

Minimal chemical changes can be also expected after autoclaving
as ethers do not hydrolyze. Indeed, good retention of the PEO-like
character was observed for the autoclaved samples. Slight decrease
of the concentration of the C-0-C bonds to 72% was detected,
which was accompanied by the enhancement of the C-C/C-H
bonds (14%). Higher fraction of hydrophobic C-C/C-H bonds
caused the small increase of WCA to the value of 46°.

Despite the small changes of chemical composition, the loss of mass
after autoclaving for the pPEO films was significant. Since hydrolysis can
be excluded from consideration, another mechanism should account for
the observed loss of the material. It has been previously shown that
PPEO films prepared by plasma-assisted evaporation are heterogeneous
systems in which a cross-linked network co-exists with a mixture of
oligomers with very broad molar mass distribution [14,31]. The oligo-
mers are not linked chemically to the network but held within by phys-
ical entanglements. Upon contact with water, such macromolecules
leave plasma polymer by diffusion and can be detected in the liquid
phase by GPC and NMR. In particular, the pPEO film prepared at identi-
cal conditions as those used here lost about 12% of its thickness simply
by out-diffusion of the unbonded species away from the film. Here, the
film was autoclaved, i.e. brought in contact with water vapors. Never-
theless, the elevated temperature is responsible for intensification of
the macromolecular dynamics and unbonded oligomers, especially of
lower molar mass, get higher probability to disentangle and to escape
from the plasma polymer.

This effect is even more pronounced in the case of dry heat treat-
ment at which the higher temperature was used. The film lost about
70% of its thickness after such treatment (Fig. 2). Note also the changes
in chemical composition. The C—0-C content drops down to 55%,
which is accompanied by an increase of the C—C/C—H bonds (21%)
and formation of the O— C=0 bonds (15%). Significant change in the
0/C ratio was also observed with oxygen content increased at the ex-
pense of carbon and the O/C raised to the value of 0.73. Formation of
the O—C=0 bonds is also consistent with the findings of Han with
co-workers who elucidated esterification of PEO by the random chain

200 pm

Fig. 8. Human osteoblast-like MG63 cells in 1-day-old cultures on pSN A) without sterilization or subjected to B) UV radiation treatment, C) autoclave treatment or D) dry heat

treatment.
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Fig. 9. Number of adhering MG63 cells 1 day after seeding on pSN films sterilized by
different methods. For comparison also the number of cells adhering on polystyrene
dish (PS) is given.

scission mechanism during thermal degradation in air [52]. In agree-
ment with the chemical changes, an increase of WCA to the value
close to 50° was observed.

3.3. Influence of sterilization methods on MG63 growth on the plasma
polymers

The final step of this study was evaluation of bioadhesive proper-
ties of plasma polymers without and with application of different
sterilization processes.

Regarding the MG63 cells behavior on the pPTFE surfaces, it has
been found that the poor cell adhesive character of the non-sterilized
samples was retained for the UV irradiated samples and for the samples
sterilized by dry heat (see Figs. 6 and 7). This is consistent with the
minimal changes of chemical composition of the pPTFE surfaces steri-
lized by these two sterilization methods. However, for the autoclaved
samples significant increase of the number of adhering cells was

A)

observed, which was even higher as compared to the polystyrene dish
used as a control. This behavior may be explained by the dramatic
changes of the chemical composition of the autoclaved samples de-
scribed in the previous section, in particular by the decrease of the F/C
ratio that resulted in lowering of hydrophobic character of the surface.
It is well known that materials with higher surface hydrophilia have
more beneficial effects on cell colonization and cell phenotypic matura-
tion [53]. The explanation of this phenomenon is that the surface
hydrophilia leads to the adsorption of cell adhesion-mediating ECM
molecules in advantageous spatial conformations, i.e. with specific
amino acid sequences, serving as ligands for cell adhesion receptors, ex-
posed to these receptors [54,55].

For plasma sputtered nylon, the number of adhering cells did not
correlate with the WCA values. The as-deposited, UV-treated and
autoclaved samples were of similar wettability but attached different
numbers of cells (see Figs. 8 and 9). Nevertheless, the correlation can
be found with the total amount of the C—N, C=N and C=N species.
The as-deposited and dry heated samples have close (and highest)
concentration of the CN groups and both accumulate the largest
amount of cells. Note also significantly different wettability of the
two surfaces (46° against 80°) which almost does not manifest in
the number of cells attached. For the UV-radiated sample the concen-
tration of the CN is lower and so is the number of cells. The autoclaved
samples, albeit with wettability comparable to the as-deposited ones,
contain the lowest amount of the CN groups and are least favorable
for the cell adhesion.

For the pPEO samples, the sterilization methods also had a diverse
impact on the cell behavior as can be seen in Figs. 10 and 11. The
MG63 cells do not adhere to the non-sterilized films, which supports
our previous reports on the non-fouling properties of such plasma
polymers [14,31]. The UV treatment does not influence the ability of
the films to withstand the accumulation of cells either. However,
the autoclaved and the dry heated samples lost the non-fouling char-
acter and the number of cells adhering to them approached the value
observed for the polystyrene dish. These results are in agreement
with alterations of the chemical composition of the films: the loss of
the ether bonds results in enhancement of the cell adhesion. The pre-
vious studies established a critical concentration of 65-70% of the

)

100 pm

Fig. 10. Human osteoblast-like MG63 cells in 1-day-old cultures on pPEO A) without sterilization or subjected to B) UV radiation treatment, C) autoclave treatment or D) dry heat

treatment.
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Fig. 11. Number of adhering MG63 cells 1 day after seeding on pPEO films sterilized by
different methods. For comparison also the number of cells adhering on polystyrene
dish (PS) is given.

C-0-C bonds at which the non-fouling properties of pPEO films dis-
appear [14,31,56]. Here, the autoclaved sample with 72% of the
C-0-C groups shows significant accumulation of cells. Surprisingly,
lower amount of cells was observed on the dry heated samples which
had the lowest concentration (55%) of ethers. This effect cannot be
explained by the chemical changes detected and is probably related
with other properties of the films (elasticity, flexibility of the chain
segments etc.).

4. Conclusions

The results presented here clearly show that the properties of se-
lected plasma polymers may be significantly altered by a sterilization
process. Moreover, the comparative study of the effects of dry heat,
autoclaving and UV based sterilization on three distinctly different
kinds of plasma polymers shows that the selection of the sterilization
process for a particular plasma polymer is of high importance with re-
spect to their possible use in biomedical applications.

First of all, it was demonstrated that sterilization methods may
have strong impact on the thickness of plasma polymers. The thick-
ness of pPEO was reduced mostly by dry heat sterilization, the highest
reduction of the thickness of pSN was caused by autoclaving and, fi-
nally, thickness of pPTFE films was not changed by any of the tested
sterilization methods. The same can be said in connection with chem-
ical composition of the plasma polymers or their bioadhesive proper-
ties: the changes induced by the selected sterilization method depend
strongly on a sterilized plasma polymer. The pPTFE and pSN films
were most sensitive chemically to autoclaving due to hydrolysis
whereas the pPEO films exhibited the strongest chemical changes
after the dry heat treatment due to thermal degradation/oxidation.
In other words, there exists no universal sterilization method that as-
sures preservation of the properties of all kinds of plasma polymers
and thus resistance of each plasma polymer toward sterilization
methods has to be tested separately. This is an important finding
with respect to the design of plasma polymers intended for use in
the biomedical field: for the application of a plasma polymer, a suit-
able sterilization method must be also identified. Finally, it has to be
stressed that properties of plasma polymers may be varied in large
extent by alteration of deposition conditions (applied power, pres-
sure, working gas composition, use of continuous or pulsed plasma
etc.), which may in turn influence also their resistance to sterilization
process. Therefore the results presented here are not meant as de-
scription of general trends valid for all PEO-like films and for films
of plasma sputtered nylon or PTFE, but should be considered more
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as a demonstration of the necessity to perform sterilization tests for
each particular plasma polymer separately.
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ABSTRACT: A new route for coating various substrates with
antifouling polymer layers was developed. It consisted in
deposition of an amino-rich adhesion layer by means of RF
magnetron sputtering of Nylon 6,6 followed by the well-
controlled, surface-initiated atom transfer radical polymeriza-
tion of antifouling polymer brushes initiated by bromoisobuty-
rate covalently attached to amino groups present in the
adhesion layer. Polymer brushes of hydroxy- and methoxy-
capped oligoethyleneglycol methacrylate and carboxybetaine
acrylamide were grafted from bromoisobutyrate initiator at-
tached to a 15 nm thick amino-rich adhesion layer deposited on
gold, silicon, polypropylene, and titanium—aluminum—
vanadium alloy surfaces. Well-controlled polymerization ki-
netics made it possible to control the thickness of the brushes
at a nanometer scale. Zero fouling from single protein solutions
and a reduction of more than 90% in the fouling from blood poly(HOEGMA) / poly(MeOEGMA) poly(CBAA)

plasma observed on the uncoated surfaces was achieved. The

feasibility of functionalization with bioactive compounds was tested by covalent attachment of streptavidin onto poly(oligoethylene
glycol methacrylate) brush and subsequent immobilization of model antibodies and oligonucleotides. The procedure is
nondestructive and does not require any chemical preactivation or the presence of reactive groups on the substrate surface.
Contrary to current antifouling modifications, the developed coating can be built on various classes of substrates and preserves its
antifouling properties even in undiluted blood plasma. The new technique might be used for fabrication of biotechnological and
biomedical devices with tailor-made functions that will not be impaired by fouling from ambient biological media.

M INTRODUCTION single protein solutions. The authors have often claimed that
they have obtained perfectly antifouling,15 superlow fouling,"®
ultralow fouling,'” and even nonfouling'® surfaces because they
had not observed any adsorption from solutions of the main plasma
proteins, human serum albumin (HSA), and fibrinogen (Fbg).
However, a reduction or even total prevention of the adsorption
of the main blood plasma proteins (HSA and Fbg), immunoglo-
bulin G (IgG) or lysozyme (Lys), is not evidence that the surface
is resistant to blood plasma.>'*** Only much fewer works
showed a reduction of the fouling from blood plasma.' ~* Grafted
carboxymethyldextrane or polyethyleneglycol have been used,
but just a minor decrease in blood plasma fouling was reached.
Theoretical treatment predicted enhanced antifouling properties

Protein fouling in complex biological fluids, particularly,
blood, plasma, and serum, is an adverse event that can impair
the properties or functions of various biotechnological and
biomedical devices.' > Some examples include stopping flow
through separation columns and porous membranes,” nonspe-
cific response of affinity biosensors,»** reduced circulation time
of nanocarriers in bloodstream due to colloidal instability or
opsonization,® ' bacteria attachment on contact lenses'' and
synthetic grafts,'” or disabling of cardiovascular devices by
thrombus formation.""* Thus, the development of a technology
by which antifouling interfaces between biological media and
various types of materials can be prepared is an important
challenge for contemporary research.

Current surface modifications with antifouling self-assembled Received: ~ November 24, 2010
monolayers (SAMs),'* grafted polymer layers, and polymer Revised: ~ March 2, 2011
brushes reduce considerably or suppress the adsorption from Published: March 07, 2011
v ACS Pub|icati0ns ©2011 American Chemical Society 1058 dx.doi.org/10.1021/bm101406m | Biomacromolecules 2011, 12, 1058-1066
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with increasing grafting density and chain length of the polymers,
that is, the polymer chains in the brush regime.”' The develop-
ment of new surface-initiated controlled radical polymerization
allowed to coat surfaces with well-defined, highly densed poly-
mers brushes with tunable chain length.>” Polymer brushes of
poly(vinyl pyrrolidone), poly(phosphorylcholine methacrylate)
(polyPCMA), or poly(N-isopropyl acrylamide) were shown to
reduce the fouling from single protein solutions.>** Zwitterionic
polysulfobetaine brushes were also studied due to their high
wettability and neutral electric charge. Although these brushes
totally suppressed the fouling from single protein solution,'® they
were highly fouling in blood plasma.®> More recent attempts
include the use of polyampholytes composed of positively and
negatively charged monomers, which resisted the fouling from
single proteins solution and reduced the fouling from diluted
blood plasma.**** Oligosaccharides and brushes of N-substi-
tuted acrylamide containing different carbohydrates were also
used to reduced protein fouling."”***” Kizhakkedathu et al. have
done extensive studies on polymer brushes based on acrylamide
backbone,'”***? that is, poly(oligoethyleneglycol acrylamide)
and poly(N,N-dimethylacrylamide) brushes grafted from gold or
polystyrene particles reduced their interaction with proteins and
diluted blood plasma.Zs’29 It must be stressed, however, that so far
only polymer brushes of oligoethylene glycol methacrylate
and poly(carboxybetaine acrylamide) (poly(CBAA)) have
provided sufficient resistance to fouling when incubated with
undiluted blood plasma®'®?**! being attractive candidates for
the development of ultrathin antifouling layers for the prepara-
tion of E)rotein arrays,®> polymeric nanocapsules stable in blood
plasma,® or cell-resistant surfaces.>

Polymer brushes with controlled thickness and well-defined
composition and architecture can only be grafted from surfaces
containing immobilized initiators for surface-initiated atom transfer
radical polymerization (ATRP) or chain transfer agents (CTAs)
for reversible addition—fragmentation transfer (RAFT). 2%
Such initiators or CTAs can be attached via dif-
ferent chemical reactions to the surface of the substrate, for
example, chemisorption of thiols on gold and silver, silane
chemistry on glass or silicon, complexation to metal oxides, via
hydroxyls or carboxylic groups available in some of polymers, and
so on. The modification of more inert substrates such as polymers
without functional groups poses a more difficult challenge to the
attachment of initiators that often require specific pretreatment
or activation steps, for example, plasma and oxidative surface
treatments. An extensive overview of techniques that allow
functionalization of various substrates with the initiating or
mediating agents can be found in review by Klok’s group.”
Different substrates often requires very different strategies for
surface modification and not all the attached agents provide
stable anchoring to polymer brush layers.** Entropic force
imposed by the stretching of the polymer chains can compromise
the stability of polymer brushes attached to surfaces.*>*® Klok
reported the detachment of layers of polymer brushes anchored
via the ill-defined silane chemistry onto silicon and glass, and
other authors have shown that the force exerted by the brushes
could cleave covalent bonds.>*~*” The development of a versatile
strategy for a stable functionalization of multiple classes of
materials is challenging as only one generalized method for
accomplishing this task has been previously reported. Messer-
smith’s group used self-polymerization of dopamine to create a
primary coating adherent to a broad variety of substrates,
inorganic, organic, metals, and so on, and secondary reactions
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to prepare ad-layers with different properties and functiona-
lities.* However, it has been shown that dopamine undergoes
oxidation during the polymerization, which reduces its adhesion
to Ti*® As an alternative way, dopamine molecules were
immobilized on titanium, iron oxides, silicon oxide, and gold
surfaces via their chelating catechol groups and their amino
groups to anchor antifouling polymer chains***' or ATRP
initiator. Nevertheless, the use of dopamine as an anchoring
group lacks the versatility of poly(dopamine), being applicable
only for metallic surfaces.** Additional problems with stability
arose and more than one catechol unit per chain was required,
resulting in complicated synthetic procedures. Therefore, more
versatile and easily applicable techniques are desirable.

The main goal of this work was to develop a versatile,
nondestructive, and robust approach for making antifouling
and bioactive interfaces between various classes of materials
and biological media, particularly, blood plasma, that could be
prepared. The essential step of such modification was the coating
of a substrate with a stable antifouling layer. Polymer brushes of
methoxy- and hydroxy-capped oligoethylene glycol methacrylate
(poly(MeOEGMA) and poly(HOEGMA)) or poly(carboxybe-
taine acrylamide) (poly(CBAA)) prepared by surface-initiated
ATRP were selected for the coating because only these surfaces
could prevent efficiently fouling from blood plasma. An amino-
rich film (hereafter, plasma sputtered nylon (PSN) films) was
initially deposited on gold, silicon, glass, polypropylene and Ti
surface by radio frequency (RF) magnetron sputtering of nylon
in mixtures of argon and nitrogen using the technique developed
by us earlier.”** ATRP initiators were covalently attached to
amino groups present in the film and brushes were grown from
the surface. The procedure was nondestructive and did not
require any chemical preactivation or the presence of reactive
groups on the substrate surface. Thus, it can be applied for
modification of various materials including the inert ones. The
tunable thickness and density of amino groups in the plasma
deposited film makes it possible to prepare brushes with equiva-
lent properties independently of the substrate material. This is
particularly important for minimizing fouling in blood plasma,
which is sensitive to an optimal brush architecture. Biorecogni-
tion elements were covalently attached to poly(HOEGMA)
brushes via their hydroxyl groups as a model example. The
plasma deposition of amino-rich films followed by the growth
polymer brushes from its surface resulted in a new type of
antifouling coatings. Contrary to other antifouling modifications,
the coating can be built on various classes of substrates and
preserves its antifouling properties even in undiluted blood
plasma. This work offers a promising technology for the facile
fabrication of different surface-based biotechnological and bio-
medical devices able to perform tailor-made functions while
resisting to the fouling from the complex biological media where
they operate.

B EXPERIMENTAL SECTION

Materials. Reagents. All chemical reagents were used without
further purification. CuCl, CuBr, CuBr,, 2,2'-dipyridyl (BiPy),
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane  (Me,Cyclam),
o-bromoisobutyl bromide, 11-mercapto-1-undecanol, N,N'-disuccini-
midyl carbonate (DSC), triethylamine, and 4-(dimethylamino) pyridine
were purchased from Sigma-Aldrich. N-[3-(Dimethylamino)propyl]
acrylamide (DMAPA, 98%) and /3-propiolactone (90%) were from
TCI Europe and Serva Electrophoresis GmbH, respectively. Nylon 6,6

dx.doi.org/10.1021/bm101406m |Biomacromolecules 2011, 12, 1058-1066
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targets were from Goodfellow. Initiator w-mercaptoundecylbromoisu-
butyrate was synthesized by reacting 0.-bromoisobutyl bromide with 11-
mercapto-1-undecanol according to the method published earlier.*®
Macromonomers, oligo(ethylene glycol) methyl ether methacrylate M,
300 (MeOEGMA) and oligo(ethylene glycol) methacrylate M, 526,
inhibited with 900 ppm of hydrochinone monomethyl ether were from
Aldrich. The inhibitor was removed by passing through a basic alumina
column immediately before the polymerization experiment.

Biochemicals. Human serum albumin (HSA, 99% by electro-
phoresis), fibrinogen from human blood plasma (Fbg), lysozyme human
(Lys), fetal bovine serum (FBS), and pooled human blood plasma (BP)
and serum (BS) were from Sigma. Human immunoglobulin G (IgG)
was from Seva Imuno, Prague, Czech Republic. Streptavidin (SA) Rabbit
IgG (Rb IgG) conjugated with biotin (b-Rb IgG), mouse antiboby
against rabbit IgG (anti- Rb IgG), were purchased from Thermo Scientific.
Oligonucleotide 1 [S'-CTACTGAAATACACAGAA-3] (ONC 1) con-
jugated with biotin (b-ONC 1) and oligonucleotide 2 (complementary
to ONC1) conjugated with bovine serum albumin (BSA-ONC 2) were
kind gifts from Vidia, Prague.

Solvents. Ethanol (96%), tetrahydrofuran (THF, 99.5%), and metha-
nol (99.6%) were purchased from Lachner. N,N-Dimethylformamide
(DMF, 99.5%), phosphate buffered saline, pH 7.4 (PBS), and TRIS
buffer, 50 mM, pH 7.2, were from Sigma-Aldrich.

Synthesis of Carboxybetaine Acrylamide. (3-Acryloylamino-
propyl)-(2-carboxy-ethyl)-dimethyl-ammonium (CBAA) was synthe-
sized by the modified procedure published earlier.* DMAPA (7.8 g 55
mmol) was dissolved in 100 mL of anhydrous THF and cooled to 0 °C.
Subsequently, $-propiolactone (5.0 g, 69 mmol) was dissolved in 40 mL
of THF and added dropwise under nitrogen. The reaction was allowed
to proceed for 24 h at 4 °C. The white precipitate was washed with dry
THEF and ether. Yield: 80%. "H NMR (Bruker 250 MHz in D,0: 6.32 (t,
1H, CHH=CH), 622 (t, 1H, CHH=CH), 5.87 (t, 1H, CHH=CH),
3.66 (t, 2H, N-CH,-CH,-COO), 3.48 (m, 4H, NH-CH,-CH,-CH,),
3.17 (s, 6H, N-(CHs),), 2.75 (t, 2H, CH,-COO).

Substrates. Silicon wafers, gold-coated silicon wafers, gold-coated
BK?7 glass plates (SPR chips), and TiAlV alloy discs were rinsed with
ethanol and water twice and cleaned in a UV-ozone cleaner (Jeligth) for
20 min. Polypropylene sheets were rinsed with acetone, ethanol, and
water, mechanically wiped with cotton buds, and rinsed again.

Deposition of Plasma Sputtered Nylon Films. The deposi-
tion of the primary anchoring layer was performed in the plasma reactor
schematically depicted in the Supporting Information and described in
details in previous publications.** A cylindrical processing chamber (50
L) equipped with a water-cooled planar RF magnetron operated at a
driving frequency of 13.56 MHz fed by a RF generator (Cesar 136 RF
generator, Dressler) and manually operated matching unit (MFJ-962D,
MEF] Enterprises) was pumped by a rotary and a diffusion pump. A
Nylon 6,6 disk (diameter of 80 mm and thickness of 2 mm) was used as a
target. Prior to each deposition the deposition chamber was pumped
down to the base pressure of 2 x 10> Pa. The freshly cleaned substrates
were introduced to the deposition chamber by means of a load-lock
system and were placed at a distance of 40 mm from the sputtered target.
For a typical deposition, RF power of 40 W was applied and the reflected
power was kept below 2 W. The plasma was sustained at a pressure of 2
Pa in a mixture of argon and nitrogen (1:1) and total gas flow of S sccm.
A smooth plasma polymer films with a N/C ratio of about 0.5 and NH,/
C of about 0.05, as determined by XPS and chemical derivatization,
respectively, were deposited at a rate of 10.7 nm min~".** Thickness of
the deposited PSN films used for additional modifications and following
experiments was 15 nm.

Immobilization of Initiator. On Plasma Sputtered Nylon Films.
The initiator, 0-bromoisobutyrate bromide, was covalently attached to
the surface of the PSN by acylation with surface amino groups.** Freshly
coated substrates were immersed in 15 mL solution of triethylamine 0.24
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M at 0 °C. A solution of 0.-bromoisobutyrate bromide (0.24 M in 7.5 mL
THF, 0 °C) was added dropwise to the samples placed in a shaker. After
3 min at room temperature, the substrates were removed, rinsed
successively with THF, ethanol, and water, and dried with nitrogen.47

On Gold-Coated Substrates. The substrates were immersed in a
1 mM solution of w-mercaptoundecylbromoisobutyrate for 24 h to
allow the formation of a self-assembled monolayer of the initiator.®

Preparation of Polymer Brushes by Surface-Initiated
Atom Transfer Radical Polymerization (SI ATRP). Poly-
(MeOEGMA) and Poly(HOEGMA). A solution of CuBr, (24.3 mg,
109.2 umol), 2,2'-dipyridyl (435 mg, 2.79 mmol), and MeOEGMA
(17.1 g, 57 mmol) or HOEGMA (30 g, 57 mmol) in 30 mL of water was
degassed using Ar bubbling for 1 h. CuCl (111 mg, 1.13 mmol) was
added under an Ar atmosphere and the Ar bubbling was carried out for
the next 30 min. The polymerization mixture was subsequently trans-
ferred under an Ar atmosphere to six reactors (carousel-12, Radley
U.K.). Each reactor contained two substrates, one coated with plasma
sputtered nylon film and initiator and a gold-coated silicon substrate
with a SAM of w-mercaptoundecylbromoisobutyrate initiator. The
polymerization was carried out at 30 °C. Samples were taken out of
the reactors at different polymerization times, washed successively with
ethanol and water, and stored in water.

Poly(CBAA). The solvent, ethanol (10 mL), was degassed using three
freeze—pump—thaw cycles. Afterward it was transferred under an Ar
atmosphere to a Schlenk tube containing CuBr (19.1 mg, 133 umol),
CuBr;, (5.9 mg, 26.5 ymol), and Me,Cyclam (40.9 mg, 160 tmol). The
blue solution of the catalyst was added to another Schlenk tube
containing the monomer, CBAA (1500 mg, 6.7 mmol). Finally, the
polymerization solution was transferred to the reactors containing the
substrates as for the polymerization of OEGMAs. The reaction was
allowed to proceed for 2 h at 30 °C. The samples were washed with
ethanol and water and stored in water.

Characterization of Polymer Films. Spectroscopic Ellipsome-
try (SE). The measurements of polymer films prepared on silicon wafers
were performed using Variable Angle Spectroscopic Ellipsometer
(Woolam M-2000DI) in a wavelength range of A = 192—1690 nm
and an angle of incidence range of AOI = 55—75° in air at room
temperature. The obtained SE spectra were fitted with multilayer models
using the CompleteEASE analysis software. The thickness and refractive
index of polymer layers were obtained from simultaneous fitting the
obtained ellipsometric data using the Tauc-Lorentz oscillator model.

Contact Angle. The wettability of surfaces was examined by dynamic
sessile water drop method using DataPhysics OCA 20 contact angle
system. A S uL drop was placed on the surface, and advancing and
receding contact angles were determined while the volume of the drop
was increased up to 15 #L and decreased at a flow rate of 0.5 4L -min ™.
Data were evaluated using circular fitting algorithm.

X-ray Photoelectron Spectroscopy(XPS). Samples coated with an
amino-rich plasma polymer were transferred from the plasma reactor
without breaking the vacuum into an XPS apparatus (X-ray source Specs
XRS0, Al Kat line, hemispherical electron analyzer Phoibos 100 Specs)
and the surface elemental composition (except hydrogen) was deter-
mined from the wide scans using appropriate relative sensitivity factors
for XPS peaks.

Atomic Force Microscopy. Morphology of the films was characterized
by AFM (Quesant Q-scope) operated in semi-contact mode in dry state
using NSC-16 silicon cantilevers (Schaefer Technologie, GmbH). Each
reported value of surface root-mean-square (RMS) roughness represents an
average over three 10 X 10 m scans.

Fourier Transform Infrared Grazing Angle Specular Reflectance
(FTIR GASR). FTIR GASR spectra of the dry polymer brushes grown
from initiator attached to plasma sputtered nylon film, with a thickness
of 15 nm, deposited on gold-coated glass plates or from SAM of the
initiator formed on gold-coated glass plates were measured using FTIR

dx.doi.org/10.1021/bm101406m |Biomacromolecules 2011, 12, 1058-1066
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Figure 1. Elemental composition (without hydrogen) of plasma sput-
tered nylon films deposited on different substrates.

Bruker IFS 55 spectrometer equipped with Pike Technologies 80Spec
GASR attachment and polarizer (grazing angle 80°, p-polarization,
MCT detector, resolution 2 cm™ ', 128 scans). The spectrometer was
purged continuously with dried air.

Fourier Transform Infrared Attenuated Total Reflection (FTIR-ATR).
The IR spectra of the polymer brushes grown from initiator attached to a
15 nm thick plasma sputtered nylon film, deposited on a polypropylene
sheet and the spectra of proteins adsorbed on these surfaces were
measured using the same spectrometer equipped with Wilks Sci ATR
attachment Model 9. The sheets with dried samples were pressed onto
Ge 45° reflection prism.

Measurement of Nonspecific Protein Adsorption. On
Gold-Coated BK7 Glass SPR Chips. Surface plasmon resonance (SPR)
was measured with an instrument based on the Kretschmann geometry
and spectral interrogation of the SPR conditions custom-built in the
Institute of Photonics and Electronics, Academy of Sciences of the
Czech Republic, Prague.”® Tested single protein solutions of Fbg (1
mg-mLfl), HSA (S mg'mLfl), IgG (8 mg-mLfl), or Lys (1 mg-
mL ") in PBS, undiluted fetal bovine serum (FBS), human blood
plasma (BP), and human blood serum (BS) were driven by a peristaltic
pump through four channels of a flow cell in which the protein
deposition on modified SPR chip surface was observed in situ as a shift
in the surface plasmon resonant wavelength, A/,... The increase in A,
was proportional to an increase in mass deposited at the surface.>*

On Polypropylene. Fouling on polypropylene modified sheets was
assessed by FTIR-ATR. Bare polypropylene, coated with plasma sput-
tered nylon and coated with plasma sputtered nylon and poly-
(MeOEGMA) were immersed into phosphate buffered saline (PBS),
which was then replaced by HSA solution (S mg-mL™") or undiluted
blood plasma so that any sample—air interface was avoided.*® After 15
min contact time at 25 °C, HSA or blood plasma were gradually replaced
by flowing through copious amounts of PBS, and samples in PBS were
gently shaken for S min. Then the samples were shortly rinsed with water
and left to dry before FTIR ATR measurements.

Functionalization of Poly(HOEGMA) Films. Poly(HOEGMA)
brushes grafted from plasma sputtered nylon-coated SPR chips were
activated by incubation overnight in a solution of DSC (0.1 M) and
DMAP (0.1 M) in anhydrous DME.** After washing with DMF and
water, the chip was fixed in the SPR flow cell and the covalent
attachment of streptavidin to the activated surface from a 20 ug-mL ™"
solution of PBS was observed in situ by SPR. Biotinylated Rb IgG
solution, 20 ug- mL ' in PBS, ora biotinylated oligonucleotide 1, 1 #M
in PBS were flowed for 30 min to attach them to the immobilized
streptavidin. SPR responses to anti-Rb IgG, 20 sg-mL ™" in PBS, or the
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Figure 2. Evolution of the chemical composition of amino-rich plasma
sputtered nylon films on silicon wafer with increasing film thickness.
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Figure 3. AFM image of a 15 nm thick plasma sputtered nylon film
deposited on silicon.

complementary oligonucleotide 2 conjugated with BSA (5 ug-mL ™" in
TRIS) were observed to prove the binding activities of the immobilized
Rb IgG or oligonucleotide 1, respectively.

M RESULTS AND DISCUSSION

Amino-Rich Films Deposited by RF Magnetron Sputtering
of Nylon. Thin films deposited by RF magnetron sputtering of
nylon were prepared on bare and gold-coated silicon, gold-
coated glass, polypropylene, and TiAlV using gas mixture of
Ar/N, (1:1). The elemental composition of 15 nm thick plasma
sputtered nylon films on glass, gold-coated glass, silicon, poly-
propylene, and TiAlV was determined by XPS (Figure 1). Only
minor differences in the chemical composition of the sputtered
film on different substrates were observed, practically within the
standard deviation of the method. A high N/C ratio of about 0.5
was achieved in accordance with our previous results.** XPS was
used to optimize the thickness of the coatings for further
experiments. Ultrathin RF coatings might be attractive for
various applications in which a sufficient adhesion to a flexible
substrate under dynamic conditions or copying a submicrometer

dx.doi.org/10.1021/bm101406m |Biomacromolecules 2011, 12, 1058-1066
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Figure 4. FTIR GASR spectra of amino-rich plasma sputtered nylon
film (15 nm) deposited on gold (a), and polymer brushes of poly-
(HOEGMA) (30 nm) (b), poly(MeOEGMA) (30 nm) (c), and poly-
(CBAA) (12 nm) (d) grafted from the amino-rich plasma sputtered
nylon film.
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Figure 5. FTIR-ATR of polypropylene (a), amino-rich plasma sput-
tered nylon film deposited on polypropylene (15 nm) (b), poly-
(MeOEGMA) brush (30 nm) grafted from the amino-rich plasma
sputtered nylon film (c), and spectrum of the poly(MeOEGMA) brush
after subtracting the substrate background (d).

surface relief is required. A thickness below about 40 nm is
necessary, particularly, for optical biosensors based on evanes-
cent electromagnetic field, such as, SPR, interferometer, reso-
nance mirror, and so on.

Therefore, in this work, the optimum thickness of amino-rich
film was selected as minimum thickness at which no pin-holes
were present assuring complete and homogeneous coverage of
the substrates. Films of different thicknesses were sputtered from
Nylon on silicon and XPS spectra were measured. A thickness
greater than 13—15 nm was necessary to obtain XPS spectra
without the silicon peak (Figure 2), indicating a complete coating
of the silicon surface. The homogeneous, smooth (RMS rough-
ness: 0.14 nm), and pinhole-free surface of the deposited plasma
sputtered nylon film was observed by AFM (Figure 3).

1062

163

Table 1. Water/Air Contact Angles Measured on Polymer
Brushes Grafted from Amino-Rich Plasma Sputtered Nylon
Film Deposited on Gold Surface

water contact angle

surface advancing receding
Au 76 63
Au-Nylon-CBAA 20 8
Au-Nylon-HOEGMA 48 23
Au-Nylon-MeOEGMA 48 20

FTIR GASR spectrum of a plasma sputtered nylon film
deposited on a gold-coated glass SPR chip (Figure 4a) shows a
highly complex chemical structure of the film, which has been
thoroughly studied by FTIR reflection absorption spectroscopy
(FTIR-RAS) in our previous papers.*** Briefly, the dominant
envelope of absorption bands centered around maximum at
1670 cm ™! corresponds to various nitrogen compounds, includ-
ing primary amines and C=N and N=N structures. The
shoulder band at about 1550 cm ™" indicates the presence of
amides, and the absorption at about 2180 cm ™" indicates the
presence of nitriles and isocyanates. The amino content cannot
be derived from infrared spectra, but the ratio of amino nitrogen
to the total nitrogen, NH,/N, was estimated by chemical
derivatization as about 8%.*" Similar IR spectrum of the plasma
sputtered nylon film deposited on a polypropylene sheet was
observed using FTIR ATR (Figure Sb).

Polymer Brushes. FTIR GASR spectra of poly(HOEGMA),
poly(MeOEGMA), and poly(CBAA) grafted from plasma sput-
tered nylon films deposited on gold-coated glass are shown in
Figure 4b, ¢, and d, respectively. The peak of ester carbonyl at
1733 cm ™" and a group of bands between 1300 and 900 cm ™" in
spectra (b) and (c) are characteristic of methacrylate polymers.
The spectrum (d) of poly(CBAA) shows amide I band at
1664 cm™ ', dominant peak of ionized carboxyl at 1609 cm ™"
(COO™ asymmetric stretching) overlapping the amide I band at
about 1550 cm ™" and its symmetric stretching at 1370 cm ™.
Brushes grafted from the plasma sputtered nylon film deposited
on polypropylene with nonreflective surface, were studied by
FTIR ATR. Figure S shows spectra of bare polypropylene (a),
polypropylene with plasma sputtered nylon film (b), and poly-
(MeOEGMA) brushes (c) grafted from plasma sputtered nylon
on polypropylene. The spectrum (d) shows poly(MeOEGMA)
after subtraction of plasma sputtered nylon film and polypro-
pylene bands.

The coating with polymer brushes grown from an adhesive
amino-rich plasma sputtered nylon film made gold substrate
more hydrophilic (Table 1). The hysteresis between advancing
and receding contact angles might be due to the reorganization of
the brushes when being wetted and surface roughness. AFM
images (data not shown) indicated that the coatings copied
accurately the substrate surface relief.

Poly(MeOEGMA) Brushes. A fast initiation and ability to keep
most of the growing chains in a dormant state play key role in well
controlled ST ATRP. A bromine-based initiator was chosen to
ensure fast initiation since bromide-carbon bond requires less
energy to cleave.””*! Bromoisobutyrate-based initiators are the
most commonly used for ATRP of nonstyrenic monomers.
Cu(II) was added to minimize the losses of initiator to achieve
equilibrium between dormant and active species.’*>>® As
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Figure 6. Kinetics of HOEGMA and MeOEGMA polymerization
initiated by o-bromoisobutyrate covalently attached to the amino-rich
plasma sputtered nylon film deposited on silicon (circles Si-nylon) and
gold (squares, Au-nylon) or initiated by SAM of w-mercaptoundecyl-
bromoisobutyrate attached to gold (triangles, Au-SAM). Film thickness
was measured using ellipsometry and silicon wafer substrates.

described by Matyjaszewski, the use of mixed halide (bromide
and chloride) systems represents a valuable tool for shifting the
equilibrium to dormant species.*® Chlorine with higher bond
energy replaces bromine in the dormant species. Higher energies
are required to remove chlorine and therefore the equilibrium is
further shifted toward the dormant chains. Temperatures above
30 °C were not necessary for the polymerization to proceed. No
initial jump in the polymerization kinetic was observed. Kinetics
of HOEGMA polymerization from the initiators attached to
amino-rich plasma sputtered nylon films deposited on gold or
silicon surface were reasonably controlled for about 90 min and
then started to level off (see Figure 6), probably due to termina-
tion. Worse control was observed for MeOEGMA brushes.
However, in the region of our targeted thickness, below 40 nm,
a linear increase in the brush thickness with time was observed
indicatinged well-controlled polymerization kinetics. Kinetics of
MeOEGMA and HOEGMA polymerization initiated from SAM
of w-mercaptoundecylbromoisobutyrate immobilized on gold
were faster and resulted in thicker films.

Poly(CBAA). ST ATRP of CBAA was not controlled. However,
the thickness could be tuned reproducibly between 7 and 100 nm
by changing the polymerization system, for example, by changing
solvent, amount of catalyst, or ratio Cu(I) to Cu(Il). The
selected conditions resulted in a 12 nm film (grown from plasma
sputtered nylon film) and 18 nm when grown from SAM on gold.
The lack of control for CBAA may be attributed to nucleophilic
displacement or inactivation of catalyst by complexation.*™*¢
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Figure 7. Irreversible fouling on polymer brushes grefted from amino-
rich plasma sputtered nylon film after 15 min of incubation with BP
(black), FBS (blue), and PBS solutions of Fbg (green) and HSA (red).
The deposits were determined from SPR measured in PBS before and
after the incubation.

Changing the bromine in the catalytic system for chlorine nor the
addition of external halide (LiCl) did not significantly improve
the polymerization.

Antifouling Properties. Fouling was studied on bare gold, a
plasma sputtered nylon film deposited on gold, and poly-
(MeOEGMA), poly(HOEGMA), and poly(CBAA) brushes
grafted from the plasma sputtered nylon film (Figure 7). Fouling
properties of brushes polymerized from SAM of initiator on gold
in identical conditions to the brushes grafted from PSN film were
tested as a comparative study (Supporting Information, Table 1).
The selection of the optimal thickness was taken as the minimum
thickness for achieving the minimal plasma fouling, 30 nm for
poly(HOEGMA) and poly(MeOEGMA) brushes and 12 nm for
CBAA brushes. The fouling from FBS, BS, and BP and single
protein solutions of HSA, Fbg, IgG, or Lys on the surfaces was
observed by SPR (Figure 7). A huge fouling was observed on
gold and the plasma sputtered nylon film. The fouling from the
single protein solutions was totally suppressed by all the polymer
brushes. FBS, which is commonly used for tissue culture, did not
adsorb on poly(CBAA) and poly(MeOEGMA), but deposits of
9.7 ng-cm ’ and 4.5 ng-cm > were observed on poly-
(HOEGMA) grafted from PSN film and gold, respectively.
The adsorbed deposit from FBS on poly(HOEGMA) grafted
from PSN film was less than 4% of that on gold. The fouling from
BP was 28.3, 32.4, and 19.5 ng.cm72 on poly(HOEGMA),
poly(CBAA), and poly(MeOEGMA) brushes grafted from
PSN, respectively. A fouling from BP of 19.5 ng-cm > on
poly(MeOEGMA) grafted from PSN was about 5.3 and 11%
of those observed on bare gold (307 ng-cm ™ >) and the plasma
sputtered nylon film (177 ng-cm ™), respectively, or less than 9
and 20% of the fouling observed earlier on widely used antifoul-
ing SAMs of oligoethyleneglycol-terminated alkanethiols and the
PEG grafted to the gold surface, respectively.’ The fouling from
blood plasma observed on brushes of grafted from SAM on gold
was 15.0, 16.3, and 189 ng-cm™ > for poly(CBAA), poly-
(HOEGMA), and poly(MeOEGMA), respectively. Although
the fouling from blood plasma on brushes grafted from SAM
on gold was generally lower than that on brushes grafted from
PSN film, the differences were negligible, only between 0.2 to 5%
of the fouling observed on gold.
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Figure 8. FTIR ATR spectra of deposits from blood plasma on (a)
polypropylene (PP), (b) polypropylene coated with amino-rich plasma
sputtered nylon film (PP-nylon), and (c) polypropylene coated with
plasma sputtered nylon film and poly(methoxyoligoethyleneglycol
methacrylate) (PP-nylon-MeOEGMA). Spectral bands of PP, plasma
sputtered nylon film, and poly(MeOEGMA) were subtracted.

Fouling on polypropylene and polypropylene coated with
plasma sputtered nylon film and with poly(MeOEGMA) grafted
from plasma sputtered nylon film was studied using FTIR ATR.
Figure 8 shows amide region of differential spectra of the
deposits, if any, after contact with blood plasma with polypro-
pylene, polypropylene coated with plasma sputtered nylon film
and polypropylene coated with plasma sputtered nylon and
poly(MeOEGMA). The exposition to HSA showed similar
results (data not shown). The spectral bands of amidic group
typical for adsorbed proteins at 1648 cm ™' and 1545 cm™'
confirm proteinaceous nature of the deposit from blood plasma
on polypropylene and polypropylene coated with plasma sput-
tered nylon film. On the other hand, the adsorption from blood
plasma on polypropylene with the plasma sputtered nylon film
overcoated with poly(MeOEGMA) is below the detection limit
of FTIR ATR (15 ng-cm™?). The spectra clearly demonstrate
the antifouling effect of poly(MeOEGMA) brushes.

Stability of Poly(MeOEGMA) Brushes. Although the long-term
stability of polymer brushes is very important in many applica-
tions, this topic has received only limited attention. The degrada-
tion and cleavage of brushes may result in impaired fouling
properties with time or even lead to a total loss of the polymer
layer as observed by Klok.>* Long polymer chains stretching out
from the surface cause a huge entropic pressure imposed over the
anchoring sites that has been shown to be able to cleave covalent
bonds.**” Detachment of poly(MeOEGMA) brushes polymer-
ized from glass or silicon substrates modified with a trimethox-
ysilane-based ATRP initiator resulted in an increase in
nonspecific protein adsorption.>*

Long-term stability of poly(MeOEGMA) brush grafted from
plasma sputtered nylon films deposited on gold surface on SPR
chips was achieved in our work. No significant differences in the
fouling from BP, FBS, Fbg, and HSA on the freshly coated SPR
chip and an identical chip stored for S months in PBS in dark
were observed. The unchanged properties of our system indi-
cated a satisfactory adhesion of plasma sputtered nylon film to
the substrate and a good stability of the attached polymer brush
layer. Similar results have been shown for poly(MeOEGMA)
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Figure 9. Functionalization of poly(HOEGMA) grafted from plasma
sputtered nylon film by covalent attachment of streptavidin (SA) and
subsequent immobilization of biotinylated oligonucleotide 1 (b-
ONC1), curve 1, or biotinylated Rb IgG (b-Rb IgG), curve 2, observed
by SPR. Activities of the immobilized oligonucleotide 1 and Rb IgG were
tested by hybridization with oligonucleotide 2 (complementary to
ONC1) conjugated with BSA, curve 1, and binding anti-Rb IgG, curve
2, respectively.

brushes grown from SAM of w-mercaptoundecylbromoisbuty-
rate.®® On the other hand, a poor stability of long poly-
(MeOEGMA) chains was observed when they were grown from
the ill-defined initiator layer of trialkoxysilanes on silicon* the
stability of our system was superior.

Functionalization of Poly(HOEGMA) Brushes. Most of the
potential applications of nonfoulin§ surfaces require covalent
attachment of bioactive molecules™*” to perform specific func-
tions. Affinity surfaces were prepared by immobilization of
biorecognition elements on poly(HOEGMA) brushes grafted
from a plasma sputtered nylon film deposited on an SPR
bosensor chip (Figure 8). Hydroxyl groups present in poly-
(HOEGMA) brush were activated by DSC* and subsequently
coupled with streptavidin via its primary amine (Figure 9, first
parts of the curves 1 and 2). The same technique can be applied
to attach covalently proteins and other molecules containing
primary amines. By the attachment of streptavidin we obtained a
versatile surface capable of immobilizing commonly prepared
conjugates of biotin with various bioactive molecules. As model
examples, biotinylated rabbit-IgG (Figure 8, curve 1) and
biotinilated oligonucleotide (Figure 8, curve 2) were immobi-
lized. No immobilization of the biotinilated oligonucleotide or
antibody was observed on reference surfaces on which strepta-
vidin was not attached. The highly specific binding of polyclonal
mouse antirabbit-IgG or complementary oligonucleotide strands
conjugated with bovine serum albumin were observed on
surfaces with immobilized rabbit-IgG or the oligonucleotides,
respectively.

B CONCLUSIONS

A new route for antifouling modifications of various substrates
was developed. The technique consists of the initial deposition of
an amino-rich film by radio RF magnetron sputtering of nylon
followed by grafting antifouling polymer brushes from initiators
covalently bound to the sputter deposited primer film. Polymer
brushes of CBAA, HOEGMA, and MeOEGMA grown from the
primer film by surface-initiated ATRP suppressed completely the
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fouling from single protein solutions of the main blood plasma
proteins (HSA, IgG, Fbg) and fetal bovine serum and even
reduced fouling from undiluted human blood plasma by more
than 90%. Gold, silicon, glass, TiAlV, and poly(propylene) were
coated with the primer film but since virtually any substrate can
be coated with such a film, it represents a general method by
which any substrate could be made resistant to fouling without
any chemical preactivation. The thickness of the polymer brushes
were tuned reproducibly by controlled ATRP for HOEGMA and
MeOEGMA or by changing the polymerization system for
CBAA. It can be supposed, that such coatings could be poten-
tially prepared independently of the substrate surface with
thickness of the antifouling brushes optimized to suppress
fouling from complex biological media at specific biomedical
applications. The feasibility of functionalization of the coating
with bioactive compounds was shown by covalent attachment of
streptavidin and subsequent immobilization of model antibody
and oligonucleotide on the top poly(HOEGMA) brush layer.
Thus, the technique might become a base for the facile prepara-
tion of different surface-based biotechnological and biomedical
devices capable of performing tailor-made functions without the
interference from fouling in biological media where they operate.

B ASSOCIATED CONTENT

© Ssupporting Information. A scheme of the plasma reactor
for RF magnetron sputtering nylon films, XPS spectra of plasma
sputtered nylon coating on Si wafer, a study of fouling from
human blood plasma, human blood serum, fetal bovine serum,
and single protein solutions of human IgG, human fibrinogen,
human serum albumin, and human lysozime on polymer brushes
grown from sputtered nylon surface or grown from a monolayer
of initiator self-assembled on gold surface is shown. This material
is available free of charge via the Internet at http://pubs.acs.org.
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Abstract

Nylon-sputtered nanoparticles were prepared using a simple gas aggregation cluster source
based on a planar magnetron (Haberland type) and equipped with a nylon target. Plasma
polymer particles originated in an aggregation chamber and travelled to a main (deposition)
chamber with a gas flow through an orifice. The deposited nanoparticles were observed to
have a cauliflower-like structure. The nanoparticles were found to be nitrogen-rich with N/C
ratio close to 0.5. An increase in rf power from 60 to 100 W resulted in a decrease in mean

doi:10.1088/0022-3727/45/49/495301

particle size from 210 to 168 nm whereas an increase in their residence time in the cluster
source from 0.7 to 4.6 s resulted in an increase in the size from 73 to 231 nm.

(Some figures may appear in colour only in the online journal)

1. Introduction

Formation of micrometre- and sub-micrometre-sized particles
of plasma polymers was first reported in the 70s of the
last century by Kobayashi et al [1,2]. Since then, such
particles have become a subject of numerous studies and
have given rise to a new discipline called physics of
dusty or complex plasmas (see, e.g., the review papers
[3,4]). In this field, particular interest was devoted to the
investigation of the mechanisms of particle formation as
well as to the evaluation of changes in plasma properties
induced by the presence of such ‘dust’ in plasma volume.
Nevertheless, only little interest was paid to the possibility
of technological use of plasma-polymerized particles. This
situation is changing nowadays, since controlled deposition
of particles seems to have a large potential for use in
various technological applications, such as for instance
fabrication of super-hydrophobic coatings based on films
of plasma-polymerized fluorocarbon nanoparticles (e.g.
[5, 6]) or biomedical applications, where plasma-polymerized
nanoparticles are used for tuning the nanoroughness of surfaces
for enhancement of their bioadhesive properties [7].

Various plasma-based methods have been developed that
enabled deposition of plasma-polymerized nanoparticles of
various sizes using rf plasmas (e.g. [5,6,8-11]) or pulsed

0022-3727/12/495301+08$33.00

dc magnetron plasma sources [12,13]. In this study, a
gas aggregation source (GAS) was employed that involves
a low-temperature plasma in the process of production
of nanoparticles. This concept, originally introduced by
Haberland et al [14] was previously used for the production
of various metal nanoparticles (see, e.g., [15]). Until recently,
magnetron sputtering of polymers was employed only to
deposit thin films of plasma polymers [16-20]. Over the
last few years, it has been found that magnetron sputtering of
poly(tetrafluoroethylene) may also be used for the production
of nanoparticles of fluorocarbon plasma polymers [11]. The
aim of this work is to investigate the applicability of the
GAS technique for production of nitrogen-containing plasma
polymer nanoparticles and to characterize them especially
from the point of view of their size and chemical structure.

2. Experimental

The experimental arrangement used in this work is depicted
in figure 1. Nylon-sputtered nanoparticles were fabricated
using the gas aggregation cluster source based on a planar
magnetron 81 mm in diameter and equipped with a Nylon 6,6
target. This type of GAS was developed in our laboratory and
was described in detail in previous studies [21-23]. Different
power values were applied to the magnetron (60, 80 and
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Figure 1. Experimental arrangement for deposition of nylon-sputtered nanoparticles: B—baratron; W—window; d—distance from the

orifice to the substrate; P—to rotary and diffusion pumps.

Figure 2. Photos of 4 mm orifices used: (a) 3 mm long; (b) 35 mm
long.

100 W) by an rf generator (ENI AGC-6B, 13.56 MHz) through
a matching box. The sputtering process was performed in an
argon/nitrogen (3/1) gas mixture. The gases were introduced
to the GAS by needle valves. A constant pressure of 75 Pa in
the GAS and 4 Pa in the deposition chamber were used in all
the experiments. Aggregation chambers with different lengths
(10, 16 and 26 cm) were used. Nylon-sputtered nanoparticles
formed in the GAS were dragged by the gas flow through an
orifice to the deposition chamber. Two exchangeable orifices
were used with lengths of 3 and 35mm and both with the
same diameter of 4mm (figure 2). Different resistances of
the two orifices to the gas flow allowed reaching 75Pa in
the GAS at the gas flow rates of 47sccm and 18.5scem,
respectively. The particles were deposited onto the earthed
silicon substrates positioned 20 cm away from the orifice in
the deposition chamber (figure 1). The deposition chamber
was pumped down by diffusion and rotary pumps.

A scanning electron microscope (SEM, Tescan Mira II)
working at an acceleration voltage of 15kV and equipped
with a SE detector was used to observe the morphology of
the deposits and to determine the size distribution of nylon-
sputtered nanoparticles. The chemical composition of the
deposits was characterized by means of Fourier transform
infrared reflection absorption spectroscopy (FTIR-RAS,
Bruker Equinox 55) and x-ray photoelectron spectroscopy
(XPS, Phobios 100, Specs). The FTIR spectra were acquired
in reflectance—absorbance mode with gold-coated glass used as

Figure 3. The SEM images of the cauliflower-shaped
nylon-sputtered nanoparticles at different coverage of the substrate.
Deposition parameters: (a) 80 W, residence time 2.5 s; (b) 80 W,
residence time 4.6 s.

substrates. For sample measurement, 400 scans were acquired
with a resolution of 4cm™!. The x-ray photoelectron spectra
were obtained with pass energies of 40eV (wide spectra) and
10eV (high-resolution spectra).

3. Results and discussion

An example of nanoparticles produced in this work is presented
in figure 3, where the SEM images of individual particles as
well as of the film composed thereof are shown. It can be
seen that the particles have a cauliflower-like shape, commonly
observed for particles produced in dusty plasmas (e.g. [3]).

An important aspect of production of nanoparticles
involves the possibility to control their size by a proper choice
of operational conditions. The first parameter studied in this
work was rf power applied to the magnetron. The SEM images
of the particles deposited at different rf powers are shown in
figure 4 together with the corresponding size histograms. An
increase in discharge power from 60 to 100 W results in the
decrease in the particle mean size from 210 to 168 nm. In all
the cases, the particles have a quite narrow size distribution,
the mean deviation in diameter being below 15%.

The slowing down of the particle growth can be attributed
to the increased particle temperature. It has been previously
shown that the temperature of the nanoparticles produced in
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Figure 4. SEM images and the corresponding size distribution histograms for nylon-sputtered particles prepared at different discharge
power: (a) 60 W, deposition time 1 min; (b) 80 W, deposition time 2 min; (¢) 100 W, deposition time 1 min. The flow rate is 18.5 sccm
(u—mean particle diameter, o—standard deviation). Note the different deposition times of the nylon-sputtered particles.

low-temperature plasmas may reach high values and exceed
the gas temperature of the plasma by several hundred kelvins
[24]. As a result, thermal cleavage of bonds with release of
small fragments from the surface of the polymeric particles
may occur (some authors reported that higher temperatures
delay the appearance of particles in the plasma volume [25]).
The growth of the particles is therefore strongly influenced

by an integral energy influx density in which electron/ion
recombinations at the particle surface play the dominant role
[24]. The electron density increases with discharge power and
this leads to intensification of the recombination processes on
the particle surface. Hence, a larger recombination energy
released to the particles hinders their growth at a higher
discharge power.
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Figure 5. SEM images and the corresponding size distribution histograms for the nylon-sputtered particles prepared by the GAS with
different aggregation lengths: (a) 10 cm (residence time 1.4 s), (b) 16 cm (residence time 2.5 s) and (c) 26 cm (residence time 4.6 s); gas flow

rate 18.5 sccm, discharge power 80 W, orifice length 35 mm (u—mean particle diameter, c—standard deviation).

The second parameter that may influence the size of the
nanoparticles produced in the GAS is the time they spend in the
aggregation chamber on the way to the orifice (residence time).
In order to evaluate this dependence, two different approaches
were used: (1) variation of the aggregation length of the GAS
and (2) variation of the gas flow rate through the GAS, other
process parameters being kept constant.

The influence of the aggregation length on the size of
the nylon-sputtered particles is shown in figure 5. The mean
particle diameter increased from 167 to 231 nm with the
increase in the aggregation chamber length from 10 to 26 cm.

The observed changes are consistent with increasing
residence time of growing nanoparticles in the aggregation
volume, which has already been reported in the literature in
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Figure 6. SEM image and the corresponding size distribution histogram for nylon-sputtered particles deposited with high gas flow rate
47 scem (residence time 0.7 s). Other deposition parameters, e.g. pressure 75 Pa, power 80 W and aggregation length 16 cm, are the same as

in figure 5(b); n—mean particle diameter, c—standard deviation.

the case of dusty particles [3] as well as for metal clusters [21].
On the assumption that the drift velocity of the nanoparticles
is equal to the velocity of the carrier gas flow, the residence
time can be easily calculated from the parameters of the GAS:
pressure (75 Pa), gas flow rate (18.5 sccm) and volume (about
600, 1000 and 1900cm? for the employed lengths of the
aggregation chambers) using

t=pV/0Q, (1)

where p is the pressure in the aggregation chamber of volume
V and Q denotes the gas flow rate. Thus, the corresponding
residence times were 1.4s, 2.5 s and 4.6 s, respectively.

In order to confirm the effect of the residence time of
nanoparticles in the GAS on their final size, an additional
experiment was performed in which an orifice of the shorter
length (3 mm) was used. Shortening the length of the orifice
resulted in a dramatic increase in the gas flow rate (from
18.5 up to 47 sccm) needed to reach the same pressure in the
aggregation chamber (75 Pa). This causes a decrease in the
residence time of nanoparticles from 2.5 s to the value of 0.7 s
for the 16 cm long aggregation chamber. As can be seen from a
comparison of figures 6 and 5(b), such a change in the residence
time led to a decrease in the mean particle diameter from 184
down to 73 nm.

The dependence of the particle volume on residence time
was plotted as a conclusion from figures 5 and 6 (figure 7).
The volume of particles was simply calculated from the mean
diameter obtained from the SEM images. The graph shows
a monotonic and almost linear increase in mean volume of
deposited nanoparticles from 73 to 231 nm with increasing
residence time ‘covering’ the range from 0.7 to 4.6s. Such
behaviour is similar to the growth of nanoparticles in PEVCD
systems, and may be explained in the frame of a three-step
process (e.g. [3]). First, stable nanosized particles are created
as the result of complex plasmochemical reactions. Such
particles, if created in sufficient number, readily coagulate
and form particles with diameters in the range of tens of
nanometres. This is, however, accompanied by a steep
decrease in the number of nanoparticles, which also lowers
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Figure 7. Particle volume and mean particle diameter as a function
of residence time in the aggregation chamber. The particles were
prepared at the same pressure (75 Pa) and discharge power (80 W).

the probability of their collisions and thus their further growth
is on a longer time scale driven mainly by sticking of gas-
phase particles (radicals) to big nanoparticles. In our case, the
particles created in the aggregation chamber are dragged by a
carrier gas towards the exit orifice of the aggregation chamber
and thus the above-mentioned time evolution may be translated
to the position in the aggregation chamber. Assuming that
the first two phases occur in the vicinity of the sputtered
target, or at least at a distance shorter than the length of the
aggregation chamber, the main process that determines the
final size of the particles is the sticking of gas-phase species
to nanoclusters travelling through the aggregation chamber.
Under this assumption, the time the nanoparticles spend in the
aggregation zone will be directly proportional to their size,
which corresponds to the experimental results.

The chemical composition of the nylon-sputtered particles
was investigated by FTIR and XPS. As can be seen in
figure 8, where the FTIR spectra of unaltered Nylon 6,6 and
spectra of deposited nylon-sputtered particles are presented,
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Figure 9. C 1s XPS: Nylon 6,6 (top) and nylon-sputtered nanoparticles deposited at aggregation pressure 75 Pa, magnetron power 80 W

(bottom).

the nanoparticles have a composition markedly different from
that of conventional Nylon 6,6: in contrast to FTIR spectra of
Nylon 6,6 that is characterized by narrow peaks, the individual
peaks broaden into wide bands in the case of nylon-sputtered
particles. This suggests a more irregular and cross-linked
structure of nanoparticles that is similar to the structure usual
for plasma polymers (e.g. [20,26]). In addition to this general
trend, a peak at about 2200 cm™! also appears in the spectra
of the nylon-sputtered particles that can be assigned to nitriles
or to the C=C bonds, which was not observed in the case of
Nylon 6,6.

The XPS analysis revealed that the elemental composition
of the nanoparticles was 60% C, 28% N and 12% O and this
was not markedly affected by the deposition conditions. These
values are close to those of thin films of magnetron-sputtered
nylon [26,27], but distinctly different from the elemental
composition of unaltered Nylon 6,6 (75% C, 12.5% N and

12.5% O). The main difference is in considerably higher N/C
ratio (close to 0.5) in the case of sputtered nylon particles
as compared with Nylon 6,6. The higher fraction of N in
the deposited particles is due to the incorporation of nitrogen,
which was used in the working gas mixture. The differences
between conventional Nylon and sputtered nylon particles may
also be clearly seen on the high-resolution XPS spectra of C
Is peak (figure 9). In both cases the C1 s peak may be fitted
by three main groups of binding environments that correspond
to the C—C/C-H bonds (binding energy 285.0eV), the C-N,
the C=N and C=N groups (average binding energy 286.5 ¢V,
indicated as CN in figure 9) and the C=0, N-C=0 groups
(average binding energy 288.1eV). However, whereas in the
case of Nylon 6,6 the most abundant chemical bonds are C—C
and C-H (83%), in the case of nylon-sputtered particles the
fraction of CN and C-C/C-H bonds becomes comparable
(41% and 43%).
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4. Conclusions

Plasma polymer nanoparticles were produced by magnetron
sputtering of nylon in a GAS of the Haberland type. The
particles have complex shape with caulifiower-like features.
As was shown by both FTIR and XPS, the chemical
composition of the deposited particles differs markedly from
the structure of unaltered Nylon 6,6. Unlike Nylon 6,6, the
fabricated particles resemble the chemical structure of thin
films of plasma polymers prepared by magnetron sputtering
of Nylon, concretely their higher cross-linking and higher N/C
ratio.

The increase in rf power from 60 to 100 W resulted in
a slight decrease in the particle mean diameter from 210 to
168 nm. Ithas also been shown that an increase in the residence
time of the particles in the aggregation chamber from 0.7 to
4.6s resulted in a dramatic increase in their diameter from
about 73-231 nm.

Unlike other plasma-based systems, the formation of
nanoparticles and their deposition occur in two separate
parts: the nanoparticles are created in the high-pressure
aggregation chamber and are dragged by a working gas
through a small orifice to the low-pressure deposition
chamber where they are deposited on the substrates. The
separation of the high-pressure GAS from the low-pressure
deposition chamber represents a technological advantage
mainly with respect to possible simultaneous deposition
of nanoparticles of different materials from independent
GASs or for fabrication of nanocomposite materials based
on the incorporation of nanoparticles into simultaneously
deposited matrix. Nanostructured films deposited from these
nanoparticles can also be used in multilayer structures that
combine nanoparticles and plain films. In this way, the films
with arbitrary roughness (in a broad range) and independently
controlled surface chemistry may be prepared.
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Two-step process that allows controlling independently roughness and chemical composition
of plasma polymers, i.e., two parameters determining the wettability of such materials, is
presented. In the first step a film composed of Ti nano-clusters is deposited on a smooth

substrate. Nano-cluster films of different roughness
can be obtained depending on deposition time. In
the second step the nano-cluster films are overlaid
by a thin layer of plasma polymer having the desired
chemical structure. This approach allows the tuning of
wettability of the deposited films to as much as 50% of
the wettability of the films having the same chemical
structure but deposited on a smooth substrate.

1. Introduction

Methods of fabrication of polymeric surfaces that allow the
tuning of their hydrophilic/hydrophobic character are of a
high interest from practical perspectives. The materials so
prepared can be used in diverse applications including
textile, lithography, food packaging, or biomedical applica-
tions, where such surfaces can be employed for instance as
assays for selective protein or cell adhesion.

It is well known that the wettability of polymeric
surfaces is given by a combination of their chemical
composition and topography (e.g.,[*)).

The chemical composition of the surface determines its
surface energy: whereas surfaces rich in non-polar groups
(e.g., —CH, or —CF,) have low surface energies and thus are
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hydrophobic, surfaces with high density of polar groups
(e.g, —OH, —COOH, —C=0, or —NH,) exhibit high surface
energies and are hydrophilic. The differences in polarity of
various functional groups were employed for the fabrica-
tion of coatings with desired wettability in a wide range of
water contact angles,>™ or even for production of films
with gradient wettability.>® Nevertheless, approaches
that control the wettability solely by tuning the chemical
composition of surfaces suffer from certain disadvantages.
First, the contact angles that can be reached by these
methods do not overcome 120°.) Moreover, in some cases it
is crucial to control wettability independently of the
chemical composition of the surface in order to maintain
its proper function.

The second parameter that determines the wettability of
a surface is its topography: in general, an increase of the
roughness of the surface for its given chemical composition
causes either increase of the surface hydrophilicity (in the
case of hydrophilic materials) or hydrophobicity (in the case
of hydrophobic surfaces). This phenomenon can be
explained by models assuming that the liquid is in contact

DOI: 10.1002/ppap.201100113
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with all the parts of the irregular surface (Wenzel's
model),’®! or that the drop sits on the surface protrusions
and thus does not wet the entire surface (Cassie—Baxter’s
model).”) The most common methods employed for the
control of surface roughness are based either on the direct
growth of nanostructured films (e.g., in the case of plasma
polymerized fluorocarbon coatings*°~*2), etching of poly-
meric materials,**! or by two-step processes comprising
fabrication of nanostructured surface for instance by
etching, reactive ion etching, photolithography, or laser
irradiation of substrates, which is followed by modification
of chemical composition of such prepared surfaces or by
their coating with films that have desired chemical
composition.*#2%) In addition, alternative approaches
appeared recently that use nano-particles embedded in a
polymeric matrix, e.g., by spray casting of nano-particle/
polymer suspensions,?*! embedding silica nano-particles
into a polymeric matrix prepared by sol-gel technique,?* or
spin coating of polystyrene mixed with silica nano-
particles.2¢!

Inthis study, we present an alternative method that uses
a combination of the deposition of Ti nano-clusters by a gas
aggregation cluster source used for control of roughness
and plasma polymerization that enables tuning the
chemical composition of the surface. The main aim of this
work is to show that this approach allows producing
coatings with independently controllable roughness and
chemical composition.

2. Experimental Section

2.1. Deposition of Films of Ti Nano-Clusters

The deposition of Ti nano-clusters was performed using the gas
aggregation cluster source depicted in Figure 1 and characterized in
detail in the previous work.[?”) This cluster source was based on the
Haberland’s concept employing sputtering from a water cooled

Figure 1. Schematic drawing of the vacuum deposition system. Ar,
inlet of working gas (argon); C, water cooling of magnetron and
cluster source chamber; CS, gas aggregation cluster source
chamber; d.c,, to d.c. power source; DCh, deposition chamber;
M, magnetron; O, orifice; P, to rotary and diffusion pumps;
S, substrate holder or QCM head; Ti, titanium target. Adapted
from Drabik et al.?”!
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planarmagnetron (50 mm in diameter) and equipped with Titarget
(Goodfellow, purity 99.3%). The magnetron was powered by a DC
power source (AE MDX 1.5K) operated in the constant current mode
(0.2 Ain this study). The magnetron was installed in a water cooled
gas aggregation chamber terminating in an exit cone with an
orifice 1.5 mm in diameter. The entire assembly of the cluster source
was mounted on the main deposition chamber pumped by rotary
and diffusion pumps. In this study argon (purity 99.8%) was used as
a buffer gas. The pressure inside the gas aggregation chamber was
100Pa and gas flow was 13.7sccm, whereas pressure in the
deposition chamber was lower than 1Pa. Ti nano-clusters were
deposited on 1 x 1 cm one-side polished Si wafers positioned in the
main chamber 25 cm away from the exit orifice of the nano-cluster
source.

2.2. Deposition of Plasma Polymerized n-Hexane

The deposition of plasma polymerized n-hexane took place in a
stainless steel vacuum chamber by means of RF (13.56 MHz)
unbalanced magnetron placed at a 100mm distance from the
substrates. This magnetron, which served as a source for plasma
polymerization process, was operated at a constant power of 50 W
and equipped by a graphite target 80 mm in diameter. The graphite
target used in these experiments was selected because of its low
sputter yield, which limits possible effects connected with the
release of the material from the magnetron. The deposition of
plasma polymerized n-hexane was performed at a pressure of 2 Pa
in the Ar/n-hexane 1:1 working gas mixture at a total flow of
8 sccm. Under these conditions, the deposition of 40 nm thick films
of plasma polymerized n-hexane took 3 min.

2.3. RF Magnetron Sputtering of Nylon

The RF magnetron sputtering of Nylon 6,6 target (80 mm in
diameter, 2mm thick) was performed in a deposition chamber
described in detail in the previous works.?®2% The magnetron was
powered from the CESAR™ 136 (Dressler) power supply (driving
frequency of 13.56 MHz) and was positioned 50 mm above the
substrate. Ar (purity 99.99%) was used as the working gas. The films
of RF sputtered Nylon were deposited at a pressure of 2 Pa, gas flow
of 5sccm and applied power of 40 W. The deposition rate was

4nm-min .

2.4. Sample Characterization

SEM observation of the Ti nano-cluster films was performed by
Mira/II scanning electron microscope (Tescan). Morphology of the
samples was evaluated by atomic force microscopy (AFM, Quesant
Q-scope 350) in the semi-contact mode using NSC-16 silicon
cantilevers (Schaefer Technologie, GmbH). Chemical composition
of the deposited films was determined by X-ray photoelectron
spectroscopy (XPS, Specs Phobios 100). The XPS spectra were
acquired at a constant take-off angle of 90°. Wide scans (0-1 300 eV)
were recorded using 40eV pass energy (step 0.5eV, dwell time
0.1s), whereas high resolution scans were recorded at 10 eV pass
energy (step 0.05eV, dwell time 0.1s, 10 repetitions). All the
binding energies were referenced to the Cls carbon peak at
285.0eV, to compensate for the effect of surface charging. The
surface wetting properties were evaluated on a goniometer of own
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construction. The static water contact angles were obtained by
averaging the measurements on three water droplets randomly
placed on the sample surface. Finally, the thickness of the coatings
was determined by means of ellipsometry using a variable angle
spectroscopic ellipsometer (Woolam M-2000D]) in the wavelength
range of 1=192-1690 nm at an angle of incidence AOI=55-75°.
All measurements were performed in air on the coatings deposited
on smooth Si wafers. The samples were modeled as Si/SiO,/plasma
polymer system and the optical constants of the plasma polymer
were fitted using oscillator model consisting of one Tauc—Lorentz
oscillator and two pole oscillators.

3. Results and Discussion

3.1. Characterization of Ti Nano-Clusters

Ti nano-clusters ranging from 15 to 30 nm in diameter are
produced under the deposition conditions used in this

A) B)
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200 nm

Dgta Meroscopy imagng [
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study. Figure 2 presents examples of typical 5 x 5 um? SEM
micrographs of cluster films deposited in 10, 60, and 240s.
These three different deposition periods illustrate three
different stages of growth of the nano-cluster films. It can be
seenthat the depositionlasting 10 s results in the formation
of sub-monolayer of randomly distributed Ti nano-clusters.
After the 60-s deposition, the Si substrate is still partially
visible, but the clusters do not form a single layer —some
clusters are attached to the neighbors lying below. Finally,
240-s deposition results in fully covered Si wafer with
rather porous film of Ti nano-clusters. Moreover, although
the surface roughness of Ti nano-cluster films was not
evaluated directly in this study due to relatively low
adhesion of Ti nano-clusters on Si wafers, which disabled
AFM measurements, it can be seen in Figure 2 that the
deposition time of nano-clusters has a strong influence on
the topography of the surface of nano-cluster films: an
increase of the deposition time of Ti nano-clusters leads to

C)

SEMHV. 000KV WO 6.463mm
View fiekd: 1,000 ym  Cet SE Detector
Date(m/ay) 1211510 SEM MAG® 22979 kx

200 nm 200 nm

Dgea ucroscopy magng [
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W Figure 2. SEM micrographs of Ti nano-clusters deposited in (A) 105, (B) 60s and (C) 240s5.
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Figure 3. SEM micrographs of Ti nano-clusters deposited in (A) 105, (B) 60's, (C) 240 s and coated by 40 nm thick film of plasma polymerized

n-hexane.
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n-hexane deposited on a smooth Si wafer, (C) Ti nano-clusters deposited in 1min and coated with RF sputtered Nylon and (D) sputtered

I Figure 4. XPS spectra of (A) Ti nano-clusters deposited in 1min and coated with plasma polymerized n-hexane, (B) plasma polymerized

Nylon film deposited on a smooth Si wafer. The thickness of films of plasma polymers is 40 nm.
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Figure 5. High resolution XPS spectra of C1s peak of (A) Ti nano-clusters deposited in 1min and coated with plasma polymerized n-hexane,
(B) plasma polymerized n-hexane deposited on a smooth Si wafer, (C) Ti nano-clusters deposited in 1min and coated with RF sputtered

Nylon and (D) sputtered Nylon film deposited on a smooth Si wafer. The thickness of films of plasma polymers is 40 nm.
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an increase of roughness of the resulting films. This will be
discussed in more detail in the subsequent text.

3.2. Characterization of Ti Nano-Clusters Covered
by Plasma Polymers

The Ti nano-cluster films were in the second step coated
with plasma polymerized n-hexane or RF sputtered Nylon.
These two plasma polymers were selected as examples of
materials that have either hydrophilic character (inthe case
of sputtered Nylon) or slightly hydrophobic nature (in the
case of plasma polymerized n-hexane) when deposited as
smooth films. The deposition of 40 nm thick coating on the
Ti nano-clusters changes the visual appearance of the
samples: whereas SEM imaging showed the diameter of Ti
nano-clusters in the range 15-30 nm, nano-clusters coated
by plasma polymers appeared as considerably larger
structures. Figure 3 shows examples of SEM micrographs
of Ti nano-clusters coated with plasma polymerized n-
hexane.

A 40nm thickness of the overlayer film of plasma
polymers was moreover found to be sufficient to cover
entirely the Ti nano-clusters, since the XPS spectra acquired
on such samples did not reveal any presence of titanium.
This can be seen in Figure 4 showing the XPS spectra of Ti
nano-clusters deposited in 1 min and coated thereafter with
plasma polymerized n-hexane and RF sputtered Nylon.
Moreover, it has been found that the presence of Ti nano-
clusters has no effect on the chemical composition of the
surface of the resulting films: the elemental composition of
the samples without hydrogen determined from the XPS
wide scans (Figure 4) as well as their chemical structure as
determined from high resolution XPS scans of Cls peak
(Figure 5) remains, within an experimental error, the same
as for the films deposited on cleaned Si wafers. In other
words, Ti nano-clusters do not alter the mode of the films
growth and can be, from this point of view, considered as a
part of the substrate and not as an “active” component of
the deposited layer. This is an important finding, since it
allows discarding the effect of the surface chemistry on the
wettability changes of such prepared samples, which
should therefore be influenced solely by the surface
topography.

The topography of the samples was evaluated in detail by
means of AFM. As can be seen in Figure 6, where are
presented 5x5pm? AFM scans of Ti nano-clusters
overcoated with 40 nm thick films of plasma polymerized
n-hexane or sputtered Nylon, the surface topography is not
largely affected by the selection of the overcoat material.
Moreover, the roughness of the samples was found to
increase for given thickness of the overcoat with increasing
time of Ti nano-cluster deposition. This is demonstrated in
Figure 7, which shows typical 5 x 5um? AFM scans of
plasma polymerized n-hexane deposited either on smooth
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Figure 6. 5 x 5 um? AFM scans of Ti nano-clusters deposited in
60 and overcoated with (A) plasma polymerized n-hexane and
(B) RF sputtered Nylon together with (C) corresponding height
histograms. The thickness of the films of plasma polymers was
4onm.

Si wafers or on Ti nano-cluster films. In addition, Figure 8
gives the dependence of the root mean square (RMS)
roughness of the samples on the deposition time of Ti nano-
cluster films as measured both for Ti nano-clusters coated
with plasma polymerized n-hexane and sputtered Nylon.
Based on these results, it can be concluded that the most
pronounced increase of surface roughness as compared to
the films of plasma polymers deposited on polished Si
wafers occurs for deposition times of Ti nano-clusters
shorter than 120 s. Further increase of the deposition time
has only a limited effect on the surface roughness of the
samples.In other words, thisrepresents alimit, in which the
surface roughness can be tuned using the deposition time of
Ti nano-clusters as the only process variable.
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Figure 7.5 x 5um? AFM scans of plasma polymerized n-hexane deposited on (A) cleaned Si wafer and on Ti nano-clusters deposited in (B)
105, (C) 60s and (D) 2405s. The thickness of the films of the overcoat layer was 40 nm.

It is important to mention that the surface roughness
may be varied also by the change of the thickness of the
overcoat film. Nevertheless, in this case the change of the
RMS roughness is considerably less pronounced as com-
pared to the effect of the deposition time of Ti nano-clusters.

—&— Plasma polymerized n-hexane
O RF sputtered Nylon

RMS roughness [nm]

T T T T
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Deposition time of Ti nano-clusters [s]

time of Ti nano-cluster films. The thickness of the films of plasma

I Figure 8. Variation of RMS roughness of samples with deposition
polymers was 40 nm.
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For instance an increase of the thickness of plasma
polymerized n-hexane deposited over Ti nano-clusters
from 40 to 100nm resulted in the increase of RMS
roughness from 7.4 to 8.8nm only. From this reason,
further experiments were done solely using deposition
time of the nano-clusters as the only variable for the control
of surface roughness.

3.3. Wettability of Ti Nano-Clusters Covered by
Plasma Polymers

The wettability of the Ti nano-cluster films covered by a
40 nm thick layer of plasma polymerized n-hexane and RF
sputtered Nylon is presented in Figure 9 for surfaces with
different values of RMS roughness. Two different effects can
be observed. In the case of RF sputtered Nylon, the
increasing surface roughnessleads to amonotonicdecrease
of static contact angle of water from 42° (observed on a
smooth surface) down to approximately 16° (on a surface
with RMS roughness of approximately 12 nm). In contrary,
the static contact angle of water on plasma polymerized n-
hexane increases with roughness from about 90° to slightly
above 130°. Considering the same chemical composition of
samples reported above, the observed variations of the
water contact angles can be ascribed solely to the roughness
of the surface.
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Figure 9. Static water contact angle of samples in dependence on
their RMS roughness.

4. Conclusion

It has been shown that the two-step process combining the
deposition of nano-cluster films by the gas aggregation
cluster source with subsequent coating of such pre-
prepared films by plasma polymers makes it possible to
adjust independently the chemical composition of the
resulting surfaces and their roughness. This in turn allows
tuning of wettability of such samples by the mere variation
of their roughness without changing their surface chemical
composition.

We showed that the controlled roughness of the prepared
surfaces can be achieved by variation of the deposition time
of Tinano-clusters. The chemical composition of the surface
is then determined by the plasma polymer used (n-hexane
or RF sputtered Nylon in this study). It was demonstrated
that this approach makes it possible either to increase (in
the case of the overlayer having hydrophobic character) or
decrease (in the case of hydrophilic overlayer) static water
contact angle by approximately 50% as compared to the
samples without Ti nano-clusters. This limit in an achiev-
able range of static water contact angles is given by the size
of the employed Ti nano-clusters (15-30 nm used in this
study) that does not allow reaching higher surface rough-
ness even at longer deposition times.

In addition, it should be stressed that the method of
surface design described herein utilizes only vacuum
methods, which brings several advantages related to the
process efficiency, scalability and costs, and overcomes
environmental aspects connected with the use of wet
chemistry, and it is virtually substrate independent.
Furthermore, although in this study the depositions of Ti
nano-clusters and films of plasma polymers were accom-
plished in separate deposition chambers, this deposition
technique can be easily performed in one vacuum chamber,
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which makes it interesting for the industrial use since it
enables in-line processing of materials and thus offers
higher throughput.
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Nanocomposite metal plasma polymer films were prepared by deposition of C:H plasma polymer particles
using a Haberland type cluster source and overcoating of these particles by titanium layer by means of planar
magnetron. This study is focused mainly on characterization of surface roughness of such films and its influence
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1. Introduction

A large variety of applications of nano-rough surfaces have already
been proposed comprising for instance fabrication of surfaces with
controllable wettability ranging from super-hydrophilic to super-
hydrophobic ones (e.g. [1,2]), tailoring adsorption of proteins and adhe-
sion of tissue cells on surfaces (e.g. [3-5], or production of surfaces having
high specific surface area needed, e.g., for production of catalysts or for
photovoltaic applications. Because of a wide range of possible applica-
tions, numerous methods that allow modifying the roughness of surfaces
on a nanometer scale have been developed. The most common ones are
based either on the direct growth of nanostructured films, e.g. in the
case of plasma polymerized fluorocarbon coatings [5-7], deposition of co-
lumnar structures in a GLAD (GLancing Angle Deposition) arrangement
[8] or sol-gel technique (e.g. [9]), etching or sputtering of surfaces
[10,11], or on two-step processes comprising fabrication of nanostruc-
tured surface, for instance by etching, photolithography or laser irradia-
tion of substrates, which is followed by coating of such prepared
surfaces by films having desired chemical composition (e.g. [12-17]).

In this study, we follow an alternative vacuum process allowing
fabricating of surfaces with well controlled surface roughness [18].
This approach uses a combination of the deposition of particles, in
our case plasma polymerized C:H particles produced in a gas aggrega-
tion cluster source, and deposition of thin coating, in our case

* Corresponding author. Tel.: +420 22191 2360; fax: +420 22191 2350.
E-mail address: bieder@kmf.troja.mff.cuni.cz (H. Biederman).
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magnetron sputtered Ti, for overcoating the film of particles. This
method makes it possible to control independently the roughness of
the coatings that is determined by the properties of deposited film
of C:H particles and of surface chemical composition of resulting coat-
ings, which is given solely by the properties of overlayer film. The
main emphasis of this investigation is to provide morphological and
chemical characterization of such prepared coatings, as well as the
evaluation of their wetting behavior and attractiveness for the adhe-
sion of osteoblast-like cells.

2. Materials and methods
2.1. Sample deposition

The deposition was performed in the deposition chamber sche-
matically depicted in Fig. 1. Plasma polymer particles were depos-
ited using a cluster source developed in our laboratory [19]. It
used a 2-inch planar RF magnetron mounted within a water
cooled cylindrical aggregation chamber. The aggregation chamber
(11cm long and 6cm in diameter) was capped with conical
shaped lid ending in an orifice of 1.5 mm diameter. The whole
cluster source was attached to a high vacuum chamber pumped
by rotary and diffusion pumps. The polymeric particles were pro-
duced using a gas mixture of argon and hexane (hexane flow
0.8 sccm, argon flow 10.7 sccm). The pressure inside the aggrega-
tion chamber was 160 Pa and power input to the RF magnetron
was 120 W. These conditions were selected on the basis of a
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Ti source (planar magnetron)

S
b=

Particle source

To pumps

Fig. 1. Scheme of experimental setup for deposition of C:H plasma polymer particles
overcoated by titanium. Substrate holder could be rotated around its axis to face
both sources.

previous study [20], since they provide the highest rate of produc-
tion of C:H particles.

The C:H particles were first deposited for a certain period of time,
then without breaking vacuum (only by rotating the substrate holder
by 90°) overcoated by a titanium layer using another magnetron
mounted perpendicularly to the cluster source. Standard 3-inch pla-
nar, water cooled DC magnetron equipped with titanium target was
used. The deposition conditions used in this step were: pressure
0.15 Pa of argon and magnetron current 0.45 A. The distance between
target and substrate was 9 cm.

2.2. Sample characterization

Scanning Electron Microscope (SEM) observation of the C:H
nanoparticle films as well as C:H nanoparticles overcoated by tita-
nium films was performed by Mira/ll scanning electron micro-
scope (Tescan). Cross-sectional SEM micrographs were also used
to determine film thickness. Thickness of the titanium overlayer

I A) particles only
B) C:H polymer particles (5 min) + Ti (200 nm)
C) C:H polymer particles (10 min) + Ti (200 nm)

80 —

60+

404

Particle count

204

100 150 200 250 300 350 400
Particle diameter [nm]

Fig. 2. Size distribution of A) standalone C:H particles, B) submonolayer of C:H particles
(deposited for 5 min) overcoated with 200 nm of titanium, and C) approximately
monolayer of C:H particles (deposited for 10 min) overcoated with 200 of titanium.

was determined from a sample without C:H particles, which is
possible, because magnetron sputtering has very stable deposition
rate. Morphology of the samples was evaluated by Atomic Force
Microscopy (AFM, NTEGRA Prima, NT-MDT) operated in the
semi-contact mode using silicon cantilevers. Chemical composition
of the deposited films was determined by X-ray Photoelectron

A

—_ —_
500 nm 500 nm

5
—
500 nm a9 om

— [T
500 nm 500 nm

o o —
500 nm

!
500 nm

Fig. 3. SEM micrographs of C:H plasma polymer particles embedded in titanium matrix;
particle deposition time: A) 0 min (no particles), B) 5 min, C) 10 min, and D) 20 min, matrix
deposition time: 10 min. Left side cross-sectional view, right side top view.
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Fig. 4. AFM micrographs of C:H plasma polymer particles embedded in titanium matrix; particle deposition time: A) 0 min (no particles), B) 2 min, C) 5 min, D) 10 min, E) 20 min,

and F) 30 min, matrix deposition time: 10 min.

Spectroscopy (XPS, Specs Phobios 100). The XPS spectra were ac-
quired at a constant take-off angle of 90°. Wide scans (0-1300 eV)
were recorded using 40 eV pass energy (step 0.5eV, dwell time
0.1s), whereas high resolution scans were recorded at 10eV
pass energy (step 0.05eV, dwell time 0.1s, 10 repetitions). In all
cases the binding energies were referenced to the Cls carbon
peak at 285.0 eV. Water contact angle of the samples was mea-
sured in static mode by a sessile drop method by means of a
goniometer.

2.3. Biotests

TiAlV polished disks were used as substrates for cell culture exper-
iments. Samples were inserted into 12-well polystyrene cell culture
plates (TPP, Switzerland; internal well diameter 21.6 mm) and seeded
with human osteoblast-like MG 63 cells (European Collection of Cell
Cultures, Salisbury, UK), suspended in Dulbecco's modified Eagle's Min-
imum Essential Medium (DMEM; Sigma, USA, Cat. No. D5648) supple-
mented with 10% fetal bovine serum (FBS; Sebak GmbH, Aidenbach,
Germany) and gentamicin (40 pg/ml, LEK, Ljubljana, Slovenia). Each
well contained 30 000 cells (i.e. approximately 8 200 cells/cm?) and
3 ml of the medium. The cells were cultured for 1, 3 and 7 days at
37 °Cin a humidified air atmosphere containing 5% CO,.

The number of cells on the material surface was evaluated on mi-
crophotographs taken under an IX-51 microscope, equipped with a
DP-70 digital camera (both from Olympus, Japan, obj. 20x).

3. Results
3.1. Morphology of deposited coatings

The morphology of coatings composed of C:H particles overcoated
by titanium film can be influenced both by the number of C:H parti-
cles and by the thickness of the overlayer. Both of these possible
ways that allow controlling the roughness of resulting samples were
therefore evaluated in this study.

Regarding the influence of the deposition time of C:H particles
on the resulting coatings, the thickness of the titanium overlayer
was kept constant at a value of 200 nm (10 min deposition, thick-
ness measured from cross-sectional SEM image), i.e. thickness
about two times higher than the mean size of C:H particles that
is 110 nm; see Fig. 2 for particle size distribution. As can be seen
in Figs. 3 and 4, which present SEM and AFM images of samples
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prepared at different deposition times of C:H particles, two dis-
tinct phases of the coating formation can be distinguished. In the
first phase randomly distributed and well separated structures ap-
pear on the surface, but the area between them remains smooth.
Moreover, it can be seen on the cross-sectional images that the ti-
tanium is moving even under the particles and bonds directly to
the substrate. This situation, which reflects rather low coverage
of substrate surface by C:H particles that form a sub-monolayer,
changes as soon as the deposition time of C:H particles reaches
approximately 10 min (Figs. 3C, 4D). In this case the substrate
surface is already fully covered by C:H particles, which are then
forming a multilayer structure (Figs. 3D, 4E, F) and rather rough
surface is created. As can be seen in Fig. 2, the size distribution
of resulting bumps on the surface becomes wider as compared
to dimensions of uncoated C:H particles and shifts to higher
values with maximum around 220 nm.

The above mentioned two phases of the film growth, corresponding
to the situation before formation of the first monolayer of C:H particles
and situation when the substrate is fully covered by C:H particles, re-
spectively, have a dramatic impact on the evolution of roughness of
the deposited coatings. In the first phase a rapid increase of the root-
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Fig. 5. RMS roughness of films of C:H plasma polymer particles embedded in titanium matrix
as measured by AFM. Error bars were calculated as a mean deviation from several
measurements.
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5,0 um |

Fig. 6. AFM (left) and cross-sectional SEM images (right) of C:H plasma polymer particles embedded in titanium matrix; deposition time of titanium matrix: A) 5 min, B) 10 min,

and C) 20 min, C:H particle deposition time: 10 min.

mean-square (RMS) roughness from about 1 nm to more than 110 nm
was observed as the C:H deposition time increased from 0 (i.e. no C:H
particles were deposited) to 10 min. Considerably slighter enhance-
ment of RMS roughness was observed in the second phase — additional
10 min of C:H particle deposition enhanced the RMS roughness of the
surface by less than 20%. This behavior, which is documented in
Fig. 5, where dependences of both RMS roughness and ratios of actual
surface area S and planar surface area Sy on the deposition time of C:H
particles are depicted, qualitatively agrees with the results of a previ-
ous study performed with Ti nanoclusters overcoated either by plasma
polymerized hexane or nylon [18], and may be explained as follows.
With the approximation that the substrate is completely flat, it can
be concluded that until the first monolayer is formed only the areas
with particles contribute to the roughness. Therefore each new particle
that lands directly on the substrate contributes to the roughness with
its full diameter. After the first monolayer is formed and there is no
bare substrate accessible for incoming particles, contribution of a single
particle to the roughness stops to be simple addition, because particles
fall onto other particles and into pits formed by (spherical) particles.
Therefore, the further increase of roughness starts to be slower. Error
bars in Fig. 5 were calculated as mean deviations of several measure-
ments. For lower substrate coverage by C:H particles the relative
error is large, because even a few particles added or omitted can

No C:H C:H particles
100 particles  deposited for
20 minutes
] u] Ti
| . o (o]
80 b X c
g 60
5 9 _______ G ........................ (e o
°
£
o 40
£
S
< | = E Pleeas e Elva
R . N B
O T T T T T T T T T

Time after the deposition [days]

Fig. 7. Temporal evolution of elemental composition without hydrogen as determined by
XPS on smooth Ti sample and C:H plasma polymer particles overcoated with titanium.
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Fig. 8. High resolution spectra deconvolution evaluation of Ti2p peak for A) flat sample; B) rough sample (20 min of particle deposition) and C1s peak for C) flat sample and
D) rough sample (20 min of particle deposition) measured immediately after the deposition.

cause significant change in calculated roughness. With more particles
present, the relative error is decreasing even though absolute error is
not changing much.

An example of the dependence of the surface morphology on the
thickness of titanium overcoat at fixed deposition time of C:H parti-
cles is presented in Fig. 6. As can be seen in this figure, the deposition
time of titanium film modifies the appearance of the surface: increas-
ing time causes a fading of the finer height structure and bigger struc-
tures can be seen on the surface.

Cross-sectional SEM images show the reason for such behavior. Even
in the case of the thinnest overlayer in Fig. 6A it can be concluded that
particles on the top seem to be bigger than those on the bottom. That
is actually because the titanium is capping the particles and, with in-
creasing deposition time, Ti columnar-cauliflower growth proceeds.
However, the increasing thickness of Ti layer leads to a lower number
of bigger hills. These two opposing effects, i.e. formation of bigger
bumps, but at lower quantity, cause that the surface roughness
expressed by RMS value increases with the thickness of titanium mark-
edly slowly as compared to the effect of deposition time of C:H particles
discussed above. For instance, on keeping the deposition time of C:H
particles fixed at 20 min and increasing the deposition time of titanium
film from 5 min, which corresponds to the film thickness of 100 nm, to
20 min (400 nm thick titanium film), the RMS rises from 107 410 nm
to 145+ 15 nm, i.e. by approximately 35%.

To conclude this part, it was observed that the deposition time of
both C:H particles and titanium film influences the roughness of the
deposited coatings. The strongest effect was observed when the C:H
deposition time was varied, which allows to modify the RMS rough-
ness by more than 2 orders of magnitude. The alteration of the thick-
ness of the overlayer was found to have only a modest influence on
the surface roughness. Therefore in further experiments only deposi-
tion time of C:H particles was varied and the thickness of the titanium
films was kept constant at 200 nm.

3.2. Chemical composition of deposited coatings

Selected samples were subjected to XPS analysis. One flat and
one rough sample (20 min of particles deposition, which corre-
sponds to RMS roughness of 134 nm) were chosen to compare
their surface chemistry to determine their differences and differ-
ences during the aging process. The results of these experiments
are summarized in Fig. 7. As can be seen the elemental composi-
tion, as determined from XPS measurements, is quite similar in
both cases of flat and rough surface. Besides Ti, also relatively
high amount of oxygen and carbon in the films was observed,
which is usual situation for sputtered titanium films exposed to
atmosphere, as reported previously [8]. Due to the fact that por-
tion of carbon (about 4%) is directly bonded to Ti (C-Ti bond
at binding energy 281.9 eV) part of carbon contamination origi-
nates from the deposition process (e.g. hydrocarbon residuals in
the deposition chamber). Nevertheless, as can be seen in Fig. 8,
the major part of carbon is bonded in C—C/C—H backbone chains
that can be attributed to the film contamination after its exposure
to open air as observed recently in a study focused on the evalu-
ation of aging of Ti nanoclusters [21]. Also the high resolution

Table 1
High resolution spectra deconvolution evaluation of Ti2p peak for A) flat sample; and
B) rough sample (20 min of particle deposition).

Aging time A) Aging time B)

(days) Ti TiC Tio, Tio, (49 Ti  Ti-C TiO, TiO,
(%) ) (%) (%) (%) (%) ) (%)
0 2% 13 17 44 0 19 10 16 55
2 17 11 15 57 2 19 6 14 61
8 6 11 15 58 8 19 8 14 60
16 6 11 15 58 16 17 7 14 62
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Fig. 9. Visual comparison of contact angles on flat and rough surface right after deposition and after aging in air.

spectra showed no significant difference except for a slightly
higher percentage of TiO, at the expense of metallic Ti for the
rough sample — see Fig. 8 and Table 1.

Moreover, it can be seen in Fig. 7 and in Table 1 that the surface
composition varies slightly within the first two days after the deposi-
tion, indicating an increase of oxygen content in the coatings. After
the first 2 days, the chemical composition remains constant.

3.3. Wettability of the deposited coatings

Water contact angles (WCA) were measured on the samples in
order to determine wetting behavior of films with different values
of roughness. Because the contact angle measurement and XPS are
both highly surface sensitive methods, and we expect films to have
approximately the same surface chemical composition, as confirmed
by XPS, the changes in the wetting properties should be dependent
only on the surface roughness (e.g. [22]). However, the water contact
angles measured on the samples within 5 min after the deposition
were for all the samples 6° or less (see Fig. 8A and B).

In spite of similar water contact angles measured on samples im-
mediately after the deposition, distinct variations were found in de-
pendence on their storage time. Whereas smooth samples, i.e.
samples without C:H particles, lost their super-hydrophilic character
during the first two days after being in open air (WCA reached the
value of 33° after two days in open air), the increase of water contact
angle was found to be much slower for roughened samples; for those
having RMS roughness of 140 nm the water contact angle remained
below 10° even after 16 days in open air, as can be seen in Fig. 9.
This is a rather important finding since long term super-hydrophilicity
is generally rather difficult to achieve.

3.4. Cell adhesion on deposited coatings

Samples without C:H particles and C:H particles deposited for
5 and 10 min were selected for testing the possible effect of
nanoroughness on adhesion of osteoblast-like cells; this corre-
sponds to RMS roughness of 1 nm, 70 nm and 115 nm, respective-
ly. As can be seen in Figs. 10 and 11, on day 1 after seeding, the
number of initially adhering cells was slightly higher on both
roughened samples, but these differences were nonsignificant,
i.e. all values were comparable. This situation, however, markedly

changed 3 and 7days after seeding, when the cell numbers
started to be significantly higher on surfaces with RMS roughness
of 70 nm. This could be explained by the size of the bumps on the
material surface. Nanostructured surfaces, i.e. those containing
bumps of less than 100 nm, are believed to mimic the nanoarchi-
tecture of natural tissues, e.g. the size of some extracellular matrix
(ECM) molecules or irregularities on these molecules, and also the
size of the extracellular parts of cell adhesion receptors. On nano-
structured surfaces, cell adhesion-mediating ECM molecules
are adsorbed in advantageous, almost physiological geometrical
conformations, and thus the specific bioactive sites in these mole-
cules, such as amino acid sequences like Arginine-Glycine-Aspartic
acid or osteoblast-binding sequence Lysine-Arginine-Serine-Arginine,
are well accessible to cell adhesion receptors [23-25]. The RMS rough-
ness of 1 nm was probably too small to have considerable effects on
cell behavior. These surfaces rather resembled flat surfaces like cell cul-
ture polystyrene or microscopic glass coverslips (RMS roughness of the
latter was 0.51 nm, [26]). On the other hand, the irregularities on the
surfaces with RMS roughness 115 nm, i.e. submicron-scale nanostruc-
tures, could be sufficiently big to hamper, at least partly, the adhesion,
spreading and subsequent proliferation of cells. In our earlier study per-
formed on nanocrystalline diamond films, the number of bovine
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E==3 C:H polymer particles (5 min) + Ti (200 nm)
24 C:H polymer particles (10 min) + Ti (200 nm)
o« 2x10°
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©
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Fig. 10. Evolution of the osteoblast-like cell population on titanium films with different
roughness values. Displayed populations are calculated as a median of measured values.
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100 ym

Fig. 11. Human osteoblast-like MG 63 cells in 1-day-old (A-C) and 3-day-old (D-F) cultures on samples without C:H particles (A, D) or with C:H particles deposited for 5 min (B, E)
and 10 min (C, F). Cells were fixed with ethanol and stained with a combination of Hoechst 33342 (blue fluorescence) and Texas Red C,-maleimide (red fluorescence, A-C) or
Hoechst 33342 alone (D-F). Olympus IX 51 microscope, obj. 20x, DP 70 digital camera. Bar =100 pm.

pulmonary artery endothelial cells of the CPAE line was significantly
lower on the surfaces with submicron scale roughness (RMS roughness
up to 301 nm) than on nanostructured surfaces (RMS roughness
8.2 nm; [27]). Similarly, the number of MG 63 cells on titanium disks
with submicron surface roughness (R, of 700 and 400 nm) reached
lower values than on nanostructured surfaces (R, =60 nm), and had a
less spread, elongated morphology [28].

4. Conclusion

Composite films of C:H plasma polymer particles with titanium
matrix with controllable roughness were prepared by overcoating
the particles with sputtered titanium. The surface roughness was
found to be directly proportional to the coverage or deposition time
of the C:H particles, its increase being very rapid until formation of
first monolayer and somewhat slower afterwards. Moreover, it has
been shown that the surface roughness can be influenced in a limited
range also by the thickness of the overcoating titanium layer. Chemical
analysis performed using XPS revealed no significant difference be-
tween flat and rough titanium surface. However, increased roughness
had a large influence on the temporal stability of water contact angle
and on the osteoblast-like cell adhesion on such surfaces. In relation
to the former phenomenon it was found that roughened surface made
wettability of surface much more stable than a flat surface. Although
the super-hydrophilic state of roughened surfaces gradually vanished,
it was maintained for several times longer time period than in the
case of flat surface.

Regarding the adhesion of cells on roughened surfaces, this
study revealed that there seems to be an optimum RMS surface
roughness between 1 and 115 nm — probably in tens of nm. This
finding is very interesting with respect to designing novel implant
materials.
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