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1 Sissejuhatus

Sool-geel-meetod on oma olemuselt lihtne ja mitmekiilgne viis keraamiliste materjalide
valmistamiseks. Erinevate katmis- ja vormimistehnoloogiate abil voimaldab see valmistada eri
kujuga materjale, mis on kasutatavad viaga paljudes rakendustes, sealhulgas optilistes seadmetes
[1], sensorites [2], biomaterjalides [3] ja mitmesuguste funktsionaalsustega pinnakatetena [4].
Praktilise rakendatavuse ja toostusliku védartuse aspektist on oluline materjalide valmistamise
kiirus, holpsus ja odavus. Sool-geel-meetod on seetottu viagagi sobilik, sest ei ole vaja kalleid ja

keerulisi seadmeid ega tilikorgeid temperatuure.

Tartu Ulikooli Fiiiisika Instituudis, eelkdige Nanostruktuuride fiitisika laboris, on sool-geel-
meetodit uuritud ja erinevate mikro- ja nanostruktuursete oksiidmaterjalide viljatéGtamiseks
rakendatud praeguseks juba iile 10 aasta. Valmistatud on niiteks Ti-, Zr-, Hf- ja Sn-oksiidist
fiibreid [5]; siisiniknanotorudega lisandatud l&bipaistvaid oksiidseid elektroode; oksiidseid
teravikke [6]; fotoluminestseeruvaid Kilesid ja pulbreid [7, 8] ning TiO,, ZrO, ja HfO, mikrorulle
[9]. Sool-geel siisteemis toimuva faasieraldusel pohineva meetodiga on valmistatud muudetava
labipaistvusega elektro-optilisi kilematerjale [10], milles tekivad vedelkristalli tilgad tahke
geelmaatriksi sisse. Viimase rakenduse jaoks labiviidud uurimis- ja arendusto6 tulemuseks on
patendiga kaitstud tehnoloogia, mis jouab ldhiajal t66stusliku tootmise faasi. Sool-geel lahuses
toimuvat faasieraldust ja samu keemiliste ning fiiiisikaliste protsesside pohimdtteid on vdimalik
rakendada ka geelistuva aine tilkade moodustumiseks lahusti keskkonnas. Nendest tilkadest
tekivadki kaetavale pinnale iimarad nano- vdi mikroskaalas oksiidsed struktuurid. Sellise uudse

lahenemise teel saadud struktuursetel pindadel voib olla mitmeid huvitavaid funktsionaalsusi.

Suhteliselt pehmetes tingimustes ja madalal temperatuuril 1dbiviidav materjali siintees voimaldab
oksiidmaterjali lisandamist vdi modifitseerimist erinevate orgaaniliste riihmade, biopoliimeeride
voi —molekulidega. Seetdttu on sool-geel-meetod sobilik biomaterjalide ning bio-piirpindade
(inglise keeles biointerface) alaseks uurimis- ja arendustooks. Uudseid struktuurseid pindu oleks
voimalik kasutada erinevates meditsiinilistes uuringutes, sest rakkudega samas suurusjirgus
pinnakonarused vodivad mdjutada rakkude talitlust [11]. Bio-piirpindadeks loetakse ka
bioinertseid pindu, mille puhul on oluline, et erinevad elusorganismid (vetikad, bakterid,

vererakud) ei suudaks materjali pinnale kinnituda ning pohjustada oma elutegevuse tulemusena
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materjali kahjustumist voi soovimatu massi kuhjumist (niditeks vere hiilibimine implantaatide
pinnal, vetikate vohamine laevakeredel). Nende rakenduste puhul on iiheks oluliseks pinna
funktsionaalsust ~ méadravaks  parameetriks = margumisomadused  (hiidrofoobsus/-fiilsus,
oleofoobsus/-fiilsus ja omnifoobsus). Nii margumise kui ka bioaktiivsuse seisukohalt on

pinnakeemia (pinnaenergia) korval kriitiline tdhtsus ka mikro- ja nanotopograafial.

Pinnal asuvad timarad nano- ja mikrostruktuurid, mis on kui miniatuursed mikroldétsed, voivad
eeldatavasti mojutada oluliselt materjali optilisi omadusi [12]. Uudsel meetodil saadud
struktuursed pinnakatted voivad seega osutuda multifunktsionaalseteks, kui tihes Kkihis
kombineeritakse naiteks isepuhastuvus [13, 14] ning valgust hajutav voi koondav toime. Meetodi
lintsusest tulenevalt oleks sellised pinnakatted vdga atraktiivsed nditeks aknaklaasidel

kasutamiseks.

Toodud rakenduste jaoks tuleb sool-geel faasieralduse meetodit esmalt optimeerida ning hinnata
selle piire ja vdimalusi, sest kuigi meetod on lihtne, kiire ja odav, siis tulemus sodltub suurest
hulgast parameetritest. Kédesoleva t60 ecesmirgiks on selliste uudsete pinnakatete ja nende
valmistamise meetodi esmane uurimine erinevate parameetrite moju selgitamise teel ning
meetodi piirangute, vdimaluste ja sobivuse hindamine erinevates rakendustes kasutatavate

materjalide valmistamiseks.

Parameetrite moju uurimiseks kasutati kdesoleva t66 eksperimentaalses osas erinevaid lahusteid
(metanool, etanool, propanool), varieeriti lahusti ja alkoksiidi koguste suhet ning alkoksiidi ja
vee moolsuhet. Lisaks hinnati Ghuniiskuse ja {imbritseva keskkonna temperatuuri mdju
struktuursete pindade tekkimise protsessile. Léhteaine pinnalekandmiseks kasutati seejuures

paralleelselt kahte laialdaselt kasutatavat pindamismeetodit - vurrkatmist ja pihustamist.

Valmistatud pindade iseloomustamiseks rakendati optilist mikroskoopi ja skaneerivat

elektronmikroskoopi (SEM) ning méérati vee kontaktnurka.



2 Ulevaade kirjandusest

2.1 Sool-geel-meetod

Sool-geel-meetod on keemiline slinteesimeetod, milles hiidroliitisi- ja
kondensatsioonireaktsioonide  tulemusel tekib sooliks nimetatavast struktureerumata
kolloidlahusest struktureerunud materjal ehk geel [15]. Lahteaineteks on metallide ja réini

alkoksiidid ja soolad.

Kéesolevas t60s on ldhteaineks tetractiililortosilikaat (TEOS), keemilise valemiga Si(OC;Hs)a.
Solvendis lahustatud alkoksiidi reageerimisel veega toimub hiidroliiis. Lisatud vee kogust
iseloomustatakse vee ja alkoksiidi moolsuhtega R. Reaktsiooni kontrollitumaks ldbiviimiseks
kasutatakse veega koos ka Kkataliisaatorit, kdesolevas to0s on selleks lammastikhape. Vee

lisamisel hakkavad toimuma jargmised reaktsioonid:

a) Hidroliiisil tekivad hiidroksiitilrithmad
Si-(OR), + x H,0 — Si-(OH)x(OR)nx + X R-OH
b) Kondensatsioon viib Si-O-Si sidemete tekkeni ja see voib toimuda kahel viisil - alkoholi
eraldumisega
-Si-OH + R-O-Si— — -Si-O-Si—+ R-OH
voi vee eraldumisega
—Si~OH + HO-Si- — -Si-O-Si- + H,0.

Ulaltoodud reaktsioonide esitus on lihtsustatud, sest reaalsuses on lahuses palju erinevaid osakesi
ja reaktsioonid toimuvad paralleelselt. Reaktsioonide kineetikat ja tekkivate oligomeersete
molekulide suurust ning struktuuri mojutavad mitmed muutujad, nagu lisatud vee hulk,
kataliisaatori kontsentratsioon, alkoksiidi tiiip ja kontsentratsioon, lahusti iseloom ja

kontsentratsioon, reageerimise aeg, lahuse pH, keskkonna niiskus ja temperatuur.

Kondensatsioonireaktsioonide kéigus tekivad osakestevahelised sidemed ja toimub materjali
geelistumine ning viskoossest lahusest saab elastne geelmaterjal. Sool-geel-meetodiga on
voimalik valmistada védga erineva kujuga materjale. Neist enim on uuritud kilesid, fiibreid, nano-

ja mikroosakesi [16], monoliite [17], membraane ning aerogeele [18]. Voimalik on saada



erinevaid puhtaid [19] ja dopeeritud oksiide [20, 21], oksiidide segusid ja hiibriide [22]. Oksiidne
koostis saadakse ldhteaines toimuvate keemiliste reaktsioonide tulemusena, seetottu on voimalik
keraamiliste materjalide valmistamine temperatuuride juures, mis on vastavate oksiidide
sulamistemperatuuridest oluliselt madalamad. Lisaks kujule on sool-geel-meetodiga voimalik

muuta materjalide mikro-ja nanostruktuuri ning mehaanilisi, optilisi ja elektrilisi omadusi.

Materjali vormimisele jargneb kuivatamine ning vanandamine. Vanandamisel tekivad
poliimeersete ahelate vahele ristsidemed, materjal tiheneb ja pooride suurus vaheneb. Enamasti

jargneb veel termiline to6tlus, et vabaneda orgaanilistest jadkidest ja saada oksiidne materjal.

2.1.1 Faasieraldus sool-geel lahustes

Sool-geel-materjali pinnalekandmine v6i vormimine voib toimuda mitmel moel. Neist enim
uuritud ja kasutatud on erinevate alusstruktuuride voi -pindade katmine sukelduspindamise,
vurrkatmise voi pihustamise teel ja fiibrite valmistamine viskoossest soolist tdmbamise voi
elektroketruse (inglise keeles electrospinning) teel [23-25]. Faasieraldusel pdhinevaid materjali
vormimise viise on vorreldes aluspindade katmisega ja fiibrite valmistamisega uuritud oluliselt
vdhem. Siiani on faasieralduse meetodiga enamasti valmistatud poorseid materjale, mis
koosnevad kahest pidevast faasist voi kahest faasist, millest iiks on eraldatud fragmentidena teise
mikro- voi mesopoorse pideva faasi sees [26, 27]. Faasieralduse meetodiga valmistatud poorsete
materjalide funktsionaalsus tuleneb nende pinna nano- ja mikrostruktuursusest [28]. Samas on
meie toogrupile teada, et vaid iihes Jaapani patendis on kirjeldatud faasieralduse tulemusena
tekkivaid tihes kihis ning {tksteisest eraldatult pinnal asetsevaid nano- voi mikroskaalas

struktuurseid elemente ja sellest tulenevat pinna optilist funktsionaalsust [29].

Juhul kui sool-geel protsessi viiakse 1dbi happelistes tingimustes, siis hiidroliiiisi- ja
poliikondensatsioonireaktsioonide tulemusel tekkivatel oligomeeridel on suhteliselt viike
molekulmassi jaotus [30]. Kui ldhteaine on pinnale kantud, jitkub {imbritsevast keskkonnast
lisanduvast veest tingitud hiidroliiiisi- ja kondensatsioonireaktsioonide tulemusena oligomeeride
keskmise molekulmassi kasv. Kui keskmine molekulmass kasvab, siis vastavalt

termodiinaamikale vdheneb lahuses olevate komponentide vastastikune lahustuvus, mis
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vihendab komponentide vahelist segamise entroopiat ning segamise vabaenergia AG kasvab

vastavalt vorrandile
AG = AH - TAS,
kus AH on entalpia muutus, T on temperatuur ning AS on entroopiamuutus.

Faasieraldus on termodiinaamiliselt voimalik, kui AG viértus saab positiivseks. Kui keemiliste
sidemete arv soolis kasvab poliikondensatsioonireaktsioonil, siis vdheneb AS liige, sest
samaaegselt vdheneb keemiliste konfiguratsioonide vabadus. Poliimerisatsioon vastandub
monedes mitmekomponentsetes  slisteemides  fiiiisikalise ~ jahutamisega  (temperatuuri
alandamisega) saavutatavale faasieraldusele. Molemal juhul liikme TAS absoluutvdirtus
viheneb. Seega vOib poliimerisatsiooni vaadelda kui keemilist jahutamist. Fiiiisikalise ja
keemilise jahutamise erinevust illustreerib joonis 1. Faasipiiri (pidev joon joonisel 1) ja
spinodaaljoone (punktiirjoon joonisel 1) vahel on siisteem metastabiilne — stabiilne véikestel

muutustel, aga ebastabiilne suurtel muutustel [31].

Fiisikaline jahtumine Keemiline jahtumine

Temperatuur

Kaks faasi ' Kaks faasi

Koostis

Joonis 1. Fiiisikalise ja keemilise jahtumise erinevus. Faasipiiri téhistab pidev ja spinodaalset
joont punktiir. Fiitisikalisel jahtumisel saab temperatuuri alanemisel {ihest faasist kaks faasi.

Keemiline jahtumine suurendab kahe faasi ala, sest suureneb keemiliste sidemete arv iihendis
[26].

Selleks, et jouda faasidiagrammil stabiilsest piirkonnast spinodaalsesse piirkonda, peab iileminek
toimuma metastabiilse piirkonna voi kriitilise punkti (punkt, kus kaks joont kattuvad, nagu ndha

joonisel 1) kaudu. Faasieraldus voib seejuures toimuda kahes erinevas reziimis — kas
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metastabiilses olekus eralduva faasiosakese nukleatsiooni ja jargneva kasvu teel voi spinodaalse
lagunemise teel (inglise keeles spinodal decomposition). Tihti toimub iileminekul stabiilsest
piirkonnast spinodaalsesse piirkonda metastabiilses alas faasisiire nukleatsiooni teel ja
spinodaalset lagunemist ei ole méirgata. Selleks, et niha spinodaalset lagunemist, peab
poliimerisatsioon olema véga kiire voi tileminek toimuma kriitilise punkti kaudu. Metastabiilses
olekus toimub faasiosakese kasv lokaalsest hiiritusest vOi ebahomogeensusest tekkiva

kasvutsentri imber.

Spinodaalse lagunemise korral toimub faasieraldus samaaegselt kogu lahuses ja keemilised
tthendid liiguvad kontsentratsioonigradiendile vastu ilma aktivatsioonibarjddrita. Tekib
kdsnasarnane pidev struktuur, mis muutub ajas, sest esineb faasidevahelise energia erinevus.
Selleks, et seda energiaerinevust vidhendada, organiseerub struktuur nii, et faasidevaheline
kokkupuuteala ja pinnaenergia oleksid vdiksemad. Lopuks viib see domeenide killustatuseni,
eeldusel, et sool-geel iileminek ei ole selle hetkeni toimunud. Sool-geel iileminekul toimub jarsk
muutus viskoossuses ja soolist saab elastne tahkis. Seega iihelt poolt poliimerisatsioon algatab ja
suunab faasieraldust, kuid samal ajal peatab selle, kui joutakse sool-geel {ileminekuni. Parast
domeenide killustumist voib materjali struktuur sarnaneda nukleatsiooni ja jargneva kasvu teel

tekkiva struktuuriga.

Kaéesolevas t60s tekib struktuur arvatavasti nukleatsiooni teel ja selles on tiks pidev faas, mille
sees on teise faasi eraldatud fragmendid. Nukleatsioonkasvuga peaks t66 eristuma teistest sama
valdkonna toddest, kus peamiselt on tegemist spinodaalse lagunemisega, mille tagajirjel tekib

kahe pideva faasiga poorne struktuur [10, 22, 28, 32].

2.2 Hiidrofoobsed ja hiidrofiilsed pinnad

Huvi hiidrofiilsete ja hiidrofoobsete pindade vastu on kasvanud viimase kahekiimne aasta
jooksul, eriti parast avastust, et vedelike laialivalgumist pinnal on lihtne kontrollida pinna

kareduse ning mikro- ja nanotopograafia kaudu [33].



Koige iildisemalt kirjeldavad hiidrofiilsus ja hiidrofoobsus ainete lahustumist vees — hiidrofiilsed
ained lahustuvad kergesti vees, hiidrofoobsed mitte. Lahustumise pdohjal saab seega tuvastada
suure hulga aineid, millel voiks vastavalt olla hiidrofiilne v&i hiidrofoobne pind. Kuid
lahustumine ei pruugi siiski kirjeldada nende ainete pindade omadusi, sest lahustumine on seotud
vedeliku ja tahkise molekulide vaheliste joududega ning entroopiamuutusega. Margumise juures
aga on olulised pinna-aatomite asetus ja suund ning funktsionaalrithmad. Kasutades lahustumise
juures tuntud reeglit, et sarnane lahustab sarnast, saab ennustada monede pindade omadusi.
Hiidrofiilsed on need pinnad, mis on polaarsed nagu vesi ehk mille molekulidel voi

funktsionaalrithmadel on elektriline dipool. See reegel aga ei ennusta Oigesti kodigi pindade

(metallid) hiidrofiilsust [34].

Modtmiste teel saab pinna hiidrofoobsust ja hiidrofiilsust
hinnata kontaktnurga 6 alusel. Kontaktnurka mdddetakse
tahkis-vedelik-ohk siisteemis ja see on nurk, mille all
vedeliku ja gaasi piirpind on kontaktis tahkise ja vedeliku

V) piirpinnaga (joonis 2). Kontakt veega vOi teise polaarse

vedelikuga on hiidrofiilsel pinnal eelistatud mittepolaarsele
Joonis 2. Vedeliku kontaktnurk faasile nagu Ohk voi Oli. Hiidrofiilsetel pindadel on

(6) pinnal. kontaktnurk 6<90° ja hiidrofoobsetel pindadel 6>90°.

Superhiidrofiilse pinna mirgumisnurk on 0°. Siiani on superhiidrofiilsuse eesméirgil uuritud
titaanoksiidi ja tsinkoksiidi tdnu nende fotoindutseeritud isepuhastumisvdimele ning ranioksiidi
tanu selle hiidrofiilsusele ja odavale hinnale [13]. Neid materjale valmistatakse lahusest alusele
sadestamise, vurrkatmise ja pihustamise teel vOi kasvatatakse litograafia ja elektrokeemiliste
meetoditega. Superhiidrofiilsed pinnad leiavad kasutamist mitte uduseks muutuvate pindadena
nditeks ujumisprillides. Superhiidrofiilne pind ei muutu uduseks, sest veetilkade asemel tekib
ohuke veekile [34]. Selline veekile mgjutab tugevasti pinna ja molekulide vdi mikroorganismide
vahelist vastastikmoju ning superhiidrofiilseid pindu saaks kasutada mitte-saastuvate pindadena,
kuhu ei kasva mikroorganismid, vetikad ega taimed. Superhiidrofiilsete materjalidega kaetakse

ka meditsiiniseadmeid.

Superhiidrofoobse pinna margumisnurk on suurem kui 150° [35]. Superhiidrofoobsele pinnale ei

ei jaa veetilgad plisima, vaid libisevad pinnalt dra ja ideaalsel juhul viivad kaasa ka pinnal oleva
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mustuse. Teatud juhtudel voib vedelikutilk superhiidrofoobsele pinnale piisima jddda ja mitte
sealt dra libiseda ka siis, kui aluspinna kaldenurka suurendatakse kuni 90°. Seetdttu mdddetakse
veetilga libisemisnurka (inglise keeles sliding angle) ehk aluspinna kaldenurka, mille all
vedelikutilk pinnalt alla libisema hakkab [36]. See nurk soltub veetilga suurusest (massist) ja
pinnakaredusest. Headel superhiidrofoobsetel pindadel on suur vee kontaktnurk ning viike

veetilga libisemisnurk.

Lisaks sellele, kui hésti mirgab pinda vesi, on paljudel juhtudel olulised ka teisete vedelike, nagu
veelahused ja orgaanilised vedelikud (néiteks 6lid), margumisomadused [37]. Veelahused voivad
pinnal kéituda teisiti kui puhas vesi. Superoleofoobne on pind, millel orgaaniliste vedelike
kontaktnurk on iile 150° [38]. Orgaanilistel vedelikel on védiksem pindpinevus kui veel ja seetdttu
on vidga raske superoleofoobseid pindu valmistada. Pindu, mis on samaaegselt

superhiidrofoobsed ja superoleofoobsed, nimetatakse omnifoobseteks.

Superhiidrofoobsed pinnad on tihti inspireeritud looduses esinevatest pindadest, nditeks
lootoselehest [39]. Enamasti kombineeritakse vett, 6li voi neid molemat hiilgavate pindade
valmistamiseks pinnakeemiat ja struktuursust [40, 41]. Superhiidrofoobsed pinnad on tihti kahe-
tasemelise topograafiaga, mikro- ja nanosuuruses pinnakonarustega. Sellised pinnad vdiksid

leida kasutust isepuhastuvate, mitte uduseks muutuvate voi mitte korrodeeruvate pindadena [42].
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3 Materjal ja metoodika

3.1 Katseobjektide valmistamine

Struktuursed pinnad valmistati osaliselt hiidroliilisunud tetraetiiiilortosilikaadist (TEOS). Koik
kemikaalid on ostetud firmast Sigma-Aldrich. Lahuste valmistamiseks mdodeti esmalt pipetiga
vajalik kogus lahustit, lisati TEOS, lasti neil veidi viaalis seguneda ja viimasena lisati vajalik
kogus veelahust, mis sisaldas happelise kataliisaatorina 5,12% ldammastikhapet (HNO3).
Parameetrite moju uurimiseks kasutati katsetes erinevaid lahusteid, varieeriti lahusti ja alkoksiidi
koguste suhet (S=lahusti:TEOS) ning vee ja alkoksiidi molaarsuhet (R). Lahustitena kasutati
etanooli, metanooli ja propanooli, mis erinevad polaarsuse ja lenduvuse poolest. Esimeses
katseseerias valmistati kdigi kolme lahustiga viis erineva kontsentratsiooniga lahust (S=1, 5, 9,
13, 17), R-i hoiti seejuures konstantsena (R=1.2). Teises katseseerias valmistati koigi lahustitega
kuus erineva R-iga lahust (4, 2, 1.6, 1.2, 0.8 ja 0.4), kontsentratsiooni hoiti seejuures
muutumatuna (S=9). Kokku kahe katseseeria peale valmistati 33 erinevat lahust. Katseteks
voetud ainete kogused on toodud tabelites 1 ja 2. Pérast lahuste kokkuvalamist lasti neil 1 tund

magnetsegajal seguneda.

Seejarel kanti lahused 2,5 x 2,5 cm klaasist alustele vurrkatturiga ja pihustamisega. Aluste
puhastamiseks toodeldi neid 15 minutit ultrahelivannis atsetooni lahuses ning seejirel loputati
metanooliga ja kuivatati lammastikuga. Vurrkatmisel kanti pipeti abil 60 pl lahust alusele, mille
litkumiskiirus oli 2000 pdoret minutis. Objektidel lasti poorelda 30 sekundit. Pihustamiseks voeti
2 ml siistlaga 400 pl lahust. Pihustati kisitsi edasi-tagasi liikuvale alusele nii, et alus joudis
pihustist véljunud aerosooli lehviku alt 14bi kiia {ihe korra. Jargnevalt lasti objektidel 2 minutit
pihustuskambris kuivada. Kahe katmismeetodiga valmistati kokku 66 erinevat pinda. Suhteline
ohuniiskus laboris oli kontsentratsioonide varieerimise katsete ajal vahemikus 15-21% ning R-i
varieerimise katsete ajal 9-11%. Temperatuur piisis vahemikus 22-23°C. Pérast katmist lasti

pindadel 6hu kées kuivada ja viimase etapina kuumutati neid ahjus 200 °C juures 15 tundi.
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Tabel 1. Kontsentratsioonide varieerimise katseteks voetud kogused. Koigi kolme lahustiga
valmistati kdigi toodud kontsentratsioonidega lahused.

Kontsentratsioon S Lahusti TEOS H,0

1 800pul  800pl 80wl
5 1500l 300pl 30l
9 1800 pl  200p 20l
13 2600l 200pl 20l
17 1700 pl | 100pl 10 pl

Tabel 2. R-i varieerimise katseteks voetud kogused. Kdigi kolme lahustiga valmistati koigi
toodud R-dega lahused.

R Lahusti TEOS H,0
4 1800 ul | 200 pl 67 pl
2 1800 ul | 200 pl 33 ul
1.6 1800 ul | 200 pl 27 ul
1.2 1800 ul | 200 pl 20 ul
0.8 1800 ul | 200 pl 13 ul
0.4 1800 ul | 200 pl 6,6 ul

3.2 Mootmismeetodid

Valmistatud pindade iseloomustamiseks kasutati skaneerivat elektronmikroskoopi (SEM). SEM-
iga saadakse objektist kujutis seda korge energiaga elektronkiirega skaneerides. Signaal saadakse
elektronide interakteerumisel pinnaga. Laengu &rajuhtimiseks peavad proovid olema juhtivad.
SEM-i piltide tegemiseks 15igati esmalt 2,5 x 2,5 cm objektid neljaks. Neist iiks osa kinnitati
objektihoidjale ning kaeti juhtivuse tekitamiseks 5 nm paksuse kullakihiga, kasutades masinat
SC7640 Auto/Manual High Resolution Sputter Coater. SEM-i pildid tehti Tescan VEGA Il SBU
elektronmikroskoobiga, kasutades kiirendavat pinget 10 kV ja sekundaarsete elektronide
detektorit. SEM-i pildid koikidest valmistatud pindadest on toodud lisas ning jérgnevas peatiikis

on toodud illustreerivaid néiteid.

Vee Kontaktnurga modtmiseks kasutati fotoaparaadist Canon EO5 650D, objektiivist Canon

MP65 ja alusest koosnevat siisteemi. Mootmiseks tilgutati uuritavale pinnale pipetiga 4 pl
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veetilk, millel lasti koigi objektide korral enne pildistamist 45 sekundit seista, et tingimused
oleksid vorreldavad. Samal ajal seadistati mootmisaparatuur ning seejarel tehti foto.
Kontaktnurgad moddeti fotodelt veetilga mdlemalt poolt programmiga GIMP. Uhel objektil
madrati kontaktnurka kolmest kohast ja keskmistati need. Saadud tulemused on toodud peatiikis
4.3.
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4  Tulemused ja jiareldused

4.1 Struktuuride tekkemehhanism

Sool-geel faasieralduse protsessi lahteainete (TEOS, alkohol ja vesi) kokkusegamisel hakkavad
toimuma hiidroliiisi- ja poliimerisatsioonireaktsioonid, mille tulemusel tekivad iiksikutest
TEOSe molekulidest oligomeerid. Esmast poliimerisatsiooni médra mojutavad nii lisatud vee
hulk kui ka reageerimisaeg. Poliimerisatsiooni méddr ja lahusti kontsentratsioon omakorda
mdjutavad lahuse viskoossust. Sooli kiht kanti kéesolevas td0s alusele pihustamise voi
vurrkatmise teel. Lahusti kontsentratsioon méadrab alkoksiidse aine hulga, mis protsessi alguses
alusele sattub ning katmismeetod ja sooli viskoossus m&jutavad seda, kui suur osa sellest jadb
katmise kdigus pinnale. Pinnale allesjddnud kihis sisalduv rdniorgaaniline ithend hiidroliiiisub ja
poliimeriseerub edasi ning sellest tulenevalt tema lahustuvus lahusti keskkonnas viaheneb. See on
iiks pohjustest, miks hakkab toimuma faasieraldus. Eeldatavasti toimub see kdesoleva t66 kdigus
taheldatud juhtudel metastabiilses piirkonnas ehk tasakaalutingimuste 1ahedal. Faasieraldus algab
sellisel juhul nukleatsiooniga ja réniithendi-rikka faasi tilgad tekivad pideva lahusefaasi sisse.
Tekkinud tahke aine tilgakesed suurenevad poliimerisatsiooni edasisel jatkumisel. Samal ajal
lahusti pidevalt aurustub ja tilgakestest ei jouagi pidevat faasi tekkida. Pinnale jadvad pérast
pideva lahustifaasi aurustumist alles mikro- ja nanoskaalas tilgakesed, mis seejérel vihemal voi
ronkemal mééral laiali vajuvad ja moodustavadki timaraid pinnadetaile. Pinnadetailide kuju,
suurust ja arvu mdjutab kasutatud lahusti, kuna lahustid erinevad lenduvuse ja polaarsuse poolest
ning mojutavad seetdttu erinevalt poliimeriseeruva ldhteaine lahustuvuse vihenemist. Kui lahusti
aurustumise kiirus geelistumisega vorreldes on piisavalt aeglane, siis on pinnadetailid
sfadrilisemad, sest tekkinud tilkade viskoossus on piisavalt suur, et sdilitada timarat kuju, kuni
lahusti on tdielikult aurustunud. Kui aga lahusti on lenduv, siis on see tdielikult aurustunud enne
tilkade geelistumist ja vedelad tilgad vdivad pinnal liitkuda ja moodustada suuremaid struktuure.
Suurem vedel tilk aga ei suuda end suure tdendosusega sfddrilisena hoida ja vajub palju rohkem

laiali vorreldes vdiksematega. Skemaatiliselt seletab faasieralduse protsessi joonis 3.
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Joonis 3. Umarate pinnadetailidega kaetud pindade valmistamine sool-geel
faasieralduse meetodiga.
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4.2 Pindade iseloomustamine skaneeriva elektronmikroskoobiga

Selleks, et saada iilevaadet valmistatud pindade struktuurist, kasutati skaneerivat
elektronmikroskoopi. Saadud pilte analiiiisides leiti, et pihustamise ja vurrkatmise tulemusel
saadi imarad pinnastruktuurid, mille diameeter varieerus vahemikus 200 nm kuni 20 pum.
Parameetrite varieerimine ei toonud kaasa lineaarset muutust pinnadetailide kujus ja suuruses.
Erinevate lahustite puhul mojutasid kontsentratsiooni S ja vee- alkoksiidi moolsuhte R muutused
tekkivate pindade struktuursust erinevalt. Siiski, lahusti polaarsuse ja lenduvuse suurenemine
(propanool < etanool < metanool) toid kaasa struktuuride diameetri kasvu. Kodige vdiksemad
struktuurid saadi, kui lahustina kasutati propanooli, suuruselt jargmised saadi, kui lahustina
kasutati etanooli ja kdige suuremad pinnastruktuurid saadi, kui lahustiks oli metanool. Tépsemalt
on iildiseid tendentse katmismeetodi, lahusti, kontsentratsiooni ja R-i mojust struktuuride

suurusele, kujule ja tihedusele kirjeldatud ja analiiiisitud jargnevates alapeatiikkides.

421 Katmismeetod

Kaks katmismeetodit, vurrkatmine ja pihustamine, viisid suhteliselt erinevate tulemusteni.
Vurrkatmine on sooli koostise muutuste suhtes tundlikum, kuna alusele struktuure moodustava
aine hulka mojutab lisaks pinnale kantava ldhteaine hulgale ka aluse podrlemine. Seetdttu
varieerub pinnadetailide suurus ronkem. Suurem osa materjalist, mis vurrkatmise alguses pinnale
kantakse, visatakse tsentrifugaaljdbudude mojul aluse poorlemise ajal sealt dra. Faasieraldus
toimub alusele jddvas kihis ja selle kihi paksus soltub lahuse viskoossusest. Viskoossust
omakorda mojutavad nii lahuse kontsentratsioon kui ka poliimerisatsiooniaste. Pihustamisel jaab
alusele alles koik sinna kantud aine. Kuna see ainekiht on paksem kui vurrkatmisel alusele
jaanud kiht, siis on ka struktuuride diameeter ja korgus suuremad kui vurrkatmisel. Uldiselt
tekivad pihustamisel sfddrilisemad ja vurrkatmisel lamedamad struktuurid. Pihustamisel liigub
alus ainult pikisuunas edasi-tagasi ja palju aeglasemalt vorreldes vurrkatturiga, mis podrleb
kiirusega 2000 pooret minutis. Seetottu sdilib pihustamisel tilkade sfadriline kuju, aga

vurrkatmise puhul néhtavat pinnastruktuuride lamedamat kuju voib selgitada tsentrifugaaljou
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mojuga pinnale jadnud tilkadele. Pindade erinevust voib pdhjustada ka see, et vurrkatmisel
kantakse sool alusele palju vdiksemalt distantsilt kui pihustamisel. Seetdttu on pihustamisel lahus

pikemat aega enne alusele joudmist Shu kées ja see voib mdjutada geelistumisprotsessi.

4.2.2 Kontsentratsioonide varieerimise katseseeria

Kontsentratsiooni S mdju hindamiseks faasieralduse protsessile valmistati iga lahustiga 5 erineva
kontsentratsiooniga lahust. Kdikide lahuste, mille S=1, pihustamisel tekkisid mitmekihilised
kitsa suuruse jaotusega iimarate struktuuridega poorsed pinnad (joonis 4). Nende puhul voib
arvata, et faasieraldus toimus spinodaalse lagunemise teel, lilejadnud pindade puhul voib eeldada
nukleatsiooni ja kasvu mehhanismi. Kuna poorsete pindade valmistamine selliste struktuuride
vaiksemast uudsusest tingituna ei olnud selle t66 eesmaérgiks, siis vdiksema kontsentratsiooniga
lahuseid, kui S=1, pdrast esmaseid katsetusi ei valmistatud ja otsustati kontsentratsiooni S

suurendada.

Joonis 4. Niiteid pihustatud poorsetest struktuuridest, mille valmistamisel kasutati lahustina
metanooli (a) ja etanooli (b). Skaala vastab 5 pm-le.

Propanooli kontsentratsiooni S suurendamisel vahemikus 5-17 vihenes vurrkatmisel struktuuride
arv pinnatihiku kohta (pindtihedus) (joonis 5). K&ige tihedamalt oli pind struktuuridega tdidetud,
kui S=5, aga kui S=17, siis on sama suurel pinnal vaid moni iiksik struktuur. Pindtihedus muutus
kontsentratsiooni S varieerimise tulemusena vahemikus 5-200 struktuuri 100 pum? kohta.
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Struktuuride arvu vdhenemise pohjuseks on viiksem materjalikogus, mis pinnale vurrkatmisel
jadb, kuna lahusti kontsentratsioon S kasvab ja TEOSe suhteline kogus véheneb. Struktuuride
suurus on ligikaudu 200 nm ja seda kontsentratsiooni muutmine eriti ei mojutanud. Kui S=1, siis
on pindtihedus vdiksem, kui S=5 puhul, kuid struktuurid on veidi suuremad, umbes 500 nm
suurusjargus. S=1 korral jouab pinnale rohkem ainet, kuna TEOSi on rohkem. Samal ajal on
lahustit vdhem, kui suuremate S-ide korral ja selle aurustumiseks kulub seega vdhem aega.
Seetottu ei ole geelistumisprotsess nii kaugele joudnud, kui korgema lahusti kontsentratsiooniga
pindadel ja veel vedelad tilgad voivad pinnal liituda ning moodustada suuremaid struktuure.
Struktuuride liitumise kéigus viaheneb ka pindtihedus. Propanoolil on teiste kasutatud lahustitega
vorreldes suhteliselt madal polaarsus. Selle tottu voib oletada, et faasieraldus ei ole tdielikult
toimunud ja tekkinud pinnastruktuuride vahel on ka ohuke, elektronmikroskoobi lahutuse juures
sile, mittepoorne kilekiht. Pihustamisel sarnast pindtiheduse muutust ei tdheldatud, vaid pind on
tihtlaselt tihedalt tdidetud. Pihustamisega valmistatud struktuuride diameeter on ligikaudu 700

nm, kuid see veidi viheneb, kui kontsentratsioon S kasvab vahemikus 9-17.

Joonis 5. Kontsentratsiooni varieerimine, kui lahustiks on propanool. S kasvab vasakult paremale.
Skaala vastab 5 pm-le.

Etanooli puhul vurrkatmisel kontsentratsiooni S kasvades pindtihedus suureneb. Struktuuride
vahel on sama kaugus, kuid mida suurem on S, seda iihtlasem on struktuuride suuruse jaotus.
Pinnal S=1 on peamiselt suuremad 2 pm struktuurid. Pinnal S=5 on moned suuremad 1-2 pm
struktuurid ja nende vahel vdiksemad 200-500 nm struktuurid. Kontsentratsiooni S kasvades
suurte struktuuride arv jarjest kahaneb ja vdga sarnastel pindadel S=9 ning S=13 on ainult 200-
500 nm struktuurid. Jéllegi voib arvata, et suuremad struktuurid on tekkinud vidiksemate
struktuuride liitumisel. Vaiksemate S-ide puhul on suuri struktuure rohkem, sest siis on TEOSe

komponenti rohkem ja lahustit vihem. Kogu lahusti on joudnud enne &dra aurustuda, kui materjal
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geelistub ja nii saavad veel vedelad viiksemad tilgad liituda. Kui S on suurem, on TEOSe kogus
viaiksem ja lahustit on rohkem. Lahusti aurustumiseks kulub rohkem aega, mistottu on
geelistumisprotsess lahusti aurustumise l0puks kaugemale joudnud ja viiksemate tilkade
liitumist suuremateks esineb oluliselt vahem. Etanooli puhul esineb viiksemate tilkade liitumist
suuremateks rohkematel pindadel kui propanooli puhul, sest etanool aurustub kiiremini ja
seepdrast jouab ka suurem kogus lahustit enne geelistumise 10ppu dra aurustuda. Pindtihedus on
60-100 struktuuri 100 um? kohta. S=17 puhul pinnal struktuure niha ei ole, lihteainest on

moodustunud vaid sile kile.

Kui lahustina kasutati etanooli, siis pihustatud pindadel kasvab struktuuride diameeter
kontsentratsiooni S vahemikus 5-13. Kui S=17, siis on struktuurid jille vdiksemad. Samas
vahemikus vdheneb véikeste struktuuride hulk suurte vahel. Kui S=5, siis 500 nm struktuuride
vahel on moned suuremad 2 um struktuurid. Kui S=9, siis on 2 um diameetriga struktuure
oluliselt rohkem, kui S=5 puhul. Siiski on ka siin suuremate vahel 500 ja 200 nm diameetriga
struktuure. Kontsentratsiooni S=13 korral aga on 2,5 um struktuuride vahel moned tiksikud 1 um
struktuurid. S=17 juures on struktuuride diameeter kahanenud 1 pm-ni ja nende kuju on
muutunud lamedaks ja asiimmeetriliseks. See viitab veel geelistumata tilkade tihinemisele pinnal,
kuid korge viskoossuse tottu ei ole nende siimmeetriline kuju taastunud. Ulejdéinud pihustatud

pindadel on struktuurid sfaérilisemad.

Kui lahustina kasutati etanooli, siis on kdige selgemini nidha kahe katmismeetodi erinevused
sama lahusti kontsentratsiooni ja vee-alkoksiidi moolsuhtega lahuste korral — pihustatud
struktuurid on diameetrilt ja kdrguselt suuremad. Naiteks kahel pinnal, millel S=9 ja R=1.2, on

struktuuride suuruse erinevus umbes 10 korda (joonis 6).

19



Joonis 6. Pihustamisega (a) ja vurrkatturiga (b) valmistatud pinnastruktuuride suuruse ja
geomeetria vordlus. Skaala vastab 5 um-le.

Metanool on lahustitest kdige polaarsem ning see viib kiire ja tdieliku faasieralduseni. Samal ajal
on metanool ka koige lenduvam ja seetdttu ei ole TEOS joudnud selleks hetkeks, kui kogu
lahusti on aurustunud, eriti poliimeriseeruda ja ikka veel vedelad tilgad vaivad pinnal liituda ka
suurte lahusti kontsentratsioonide korral. Selle tulemusel tekib pihustamisel suhteliselt vahe
vordlemisi suuri pinnadetaile voi ainult sile kile. Kui metanooli kogust katsete kéigus suurendati,
siis vurrkatmisega valmistatud pindadel kasvas struktuuride diameeter (joonis 7). Seejuures ei
ole struktuuride suuruse jaotus iihtlane ja iihel pinnal on véhemalt kahe erineva diameetriga
struktuure. Kui S=1, siis esinevad mdned 2 um diameetriga struktuurid ja nende vahel asetseb
palju umbes 500 nm diameetriga struktuure. Kontsentratsiooni S=5 korral on pinnal 4 um
diameetriga struktuurid ja nende vahel moned alla 1 pm struktuurid. Kui S=9, siis on suuremate
struktuuride diameeter juba 8-10 pum, kasvades S=13 puhul 20 pm-ni. Nende vahel on siiski ka

moned tiksikud vdiksemad struktuurid. Kontsentratsiooniga S=17 tekkis pidev Kkile.

Joonis 7. Kontsentratsiooni varieerimine, kui lahustiks on metanool. Kontsentratsioon kasvab
vasakult paremale. Skaala vastab 20 pm-le. Vasakult esimest pinda on ldhemalt nidha viiksemal
pildil, mille skaala vastab 2 pm-le.
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4.2.3 Vee ja alkoksiidi moolsuhte varieerimise katseseeria

Vee ja alkoksiidi moolsuhte mdju hindamiseks valmistati koigi lahustitega 6 erineva R-iga
lahust. Kui lahustina kasutati propanooli, toi vee ja alkoksiidi moolsuhte varieerimine kaasa
pindtiheduse muutumise nii vurrkatmisel kui pihustamisel. Mdlema katmismeetodi puhul
suureneb pindtihedus veidi, kui moolsuhe kasvab vahemikus 0.4-2. Suurema R-i puhul on lahus
poliimeriseerunum ja tekkinud suurematest oligomeeridest saab tekkida rohkem pinnastruktuure.
Vurrkatmisel varieerus pindtihedus vahemikus 5-150 struktuuri 100 pm? kohta ja pihustamisel
30-200 struktuuri 100 um?® kohta. Kui vee ja alkoksiidi moolsuhe on 4, siis on pind kaetud
iihtlase sileda kilega, sest faasieraldust ei toimu, kuna poliimerisatsioon on 16puni kulgenud juba
algses lahuses ja elektronmikroskoobis ei ole ndha ainult lahusti aurustumisest pohjustatud
faasieralduse tottu tekkinud struktuursust. Struktuuride suuruses, mis on vurrkatmisel 200 nm ja

pihustamisel 500 nm, mérgatavad muutused puuduvad.

Etanooli lahustina kasutades t6i R-i suurendamine kaasa véikese suurenemise pindtiheduses, mis
muutus vurrkatmisel vahemikus 20-100 struktuuri 100 pm? kohta ja pihustamisel vahemikus 80-

2

100 struktuuri 100 um® kohta. Kui R=1.6, siis saadi pihustamisega kdige sfdérilisemad

struktuurid (joonis 8a). Nii pihustamisel kui ka vurrkatmisel tekkis R=4 puhul ainult sile Kile.

Kasutades lahustina metanooli, tekib pindadel pidev kile pihustamisel juba R=1.6-st alates. Vee
ja alkoksiidi moolsuhte R suurendamisel vahemikus 0.4-1.2 struktuuride suurus kasvab. R=0.4
puhul leidub pinnal 10 ja 20 um struktuure, mille vahel on véikesed 500 nm struktuurid. R=0.8
korral on struktuuride diameeter 20 pm ja nende vahel moned iiksikud 500 nm struktuurid.
R=1.2 puhul on tekkinud pidevat kilet meenutav struktuur, mille sees on tiihjad alad, kus on
moned viikesed struktuurid. Vurrkatmisel kasvab R-i suurendamisel samuti struktuuride
diameeter, kuid suuremate R-ide puhul on struktuurid asiimmeetrilise kujuga (joonis 8b). Vee ja

alkoksiidi moolsuhte suurenemisel kasvab ka pindtihedus.
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Joonis 8. a) Niide koige sfddrilisemate struktuuridega pinnast. Lahustina kasutati etanooli,
katmismeetodina pihustamist ning R=1.6 ja S=9. Skaala vastab 5 pm-le. b) Naiide
asimmeetrilise kujuga struktuuridest. Lahustina kasutati metanooli, katmismeetodina
vurrkatmist ning R=1.6 ja S=9. Skaala vastab 50 um-le.

4.2.4 Ohuniiskuse mdju

Korduskatsetes oli dhuniiskus veidi erinev, seega saab vilja tuua ka selle moju struktuuride
omadustele. Kui suhteline huniiskus on kdrgem, siis struktuurid on {imaramad ja pindtihedus on
suurem. Korgema Shuniiskuse korral aurustub lahusti acglasemalt ja veel geelistumata tilgad on
piisavalt viskoossed, et siilitada timarat kuju. Siiski tuleks Ghuniiskuse moju tdpsemaks
hindamiseks teostada veel katseid ja muuta suhtelist ohuniiskust siistemaatiliselt suuremas

vahemikus ning seejuures hinnata ka temperatuuri moju.
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4.3 Vee kontaktnurga mootmised

Valmistatud pindade hiidrofoobsust hinnati vee kontaktnurga modtmiste kaudu. Saadud
tulemused on toodud tabelites 3 ja 4. Fotod koigist kontaktnurkadest on toodud lisas koos SEM-i
piltidega. Enamikul juhtudel on pihustamise teel valmistatud pindadel vee kontaktnurk suurem
kui vurrkatmisega valmistatud pindadel, sest pihustatud pindadel on valdavalt sfaérilisemad
struktuurid. Kontaktnurgad on vahemikus 50-130°, kontsentratsioonide varieerimise katseseerias
vahemikus 60-130° ning R-i varieerimise Kkatseseerias vahemikus 50-88°. Suurimad
kontaktnurgad saadi koige kontsentreeritumate lahustega, mille S=1. Pihustamisega valmistatud
pind, mille valmistamiseks kasutati lahustina etanooli ning mille S=1 ja R=1.2 (joonis 9c,f),
osutus koige hiidrofoobsemaks. Selle pinna vee kontaktnurk on 131°. Lahustest, mille S=1, on
tekkinud pigem poorsed kiled, mitte uudsed iihekihilised poolsféddrilaadsete struktuuridega
kaetud pinnad. Struktuuri pohimotteline erinevus seletab seega seda, miks nende pindade
kontaktnurgad on iilejdinud pindade kontaktnurkadest oluliselt suuremad. Kdige hiidrofiilsem on
vurrkatturiga valmistatud pind, mille valmistamiseks kasutati lahustina etanooli ning mille R=1.2
ja S=9, kontaktnurgaga 49° (joonis 9a,d). Kdige levinumad kontaktnurkade vaartused on 70-80°
vahemikus (joonis 9b,e).

On oluline maérkida, et pindade hiidrofoobsust mgjutab ainult struktuur, mitte pinnaenergia, mis
valmistatud objektidel on suhteliselt suur. Selle demonstreerimiseks valmistati sarnasel moel
pind, kasutades vanandatud TEOSe lahust, milles faasieraldust ei toimu. Tulemusena tekkis sile

kile ilma mirgatava pinnakareduseta. Sellel vordluspinnal mdddeti vee kontaktnurgaks 25°.

Vee kontaktnurga muutumise ja kontsentratsiooni S suurenemise vahel ei esine selget lineaarset
sOltuvust. Siiski vaib 6elda, et kontsentratsioonide varieerimise katseseerias pihustamisel tildiselt
kontaktnurk vdheneb lahusti koguse suurenemisel. Kdige selgemini on see seos nidha pihustatud
pindadel, mille valmistamisel kasutati lahustina etanooli. Sellel juhul saadi pihustamisel ka koige
suuremad kontaktnurgad, sest tekkinud struktuurid on koige sfaarilisemad. Propanooli ja

metanooliga on struktuurid oluliselt lamedamad.

Vurrkatturiga valmistatud pindadel olid erinevate lahustitega lébiviidud seeriate puhul

kontaktnurga muutused kvalitatiivselt erinevad. Kui lahustina kasutati etanooli, siis kontaktnurk
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viaheneb kontsentratsiooni S kasvades. Kui lahustiks on propanool, siis kontsentratsiooni S
kasvamisel alguses kontaktnurk suureneb, kuid siis jille vdheneb. Siiski on muutused {isna
véikesed ja samal ajal kui S suureneb 4 tihiku vorra, muutub kontaktnurk mone kraadi vorra.
Kasutades lahustina metanooli, kontaktnurk hoopis suureneb koos lahusti kontsentratsiooni S
suurenemisega. Kasutatud kolmest lahustist saadi koige suuremad kontaktnurgad vurrkatmisel

propanooliga, millega saadakse jérelikult suurima pinnakaredusega struktuursed kiled.

Tabel 3. Vee kontaktnurgad kontsentratsioonide varieerimisel.

Kontsentratsioon EtOH EtOH MetOH MetOH PrOH PrOH
S pihustamine | vurrkattur | pihustamine | vurrkattur @ pihustamine @ vurrkattur
1 131 76 119 69 119 76
5 85 75 80 69 87 81
9 85 75 62 73 79 80
13 83 71 55 76 80 76
17 77 80 72 71 77 79

Selget lineaarset soltuvust ei ole ka kontaktnurga ja vee-alkoksiidi molaarsuhte vahel. R-i
varieerimise katses on nii vurrkatmise kui pihustamise puhul kodige suuremad kontaktnurgad
objektidel, mille valmistamisel on lahustina kasutatud propanooli. Uhtlasi on kontaktnurkade
muutused kogu seeria piires nii pihustamisel kui vurrkatmisel kdige vdiksemad propanooli puhul.
Seda voib pohjendada propanooli raskema lenduvusega, mille tdttu struktuuride jaotus ja kuju

véga palju ei erine R-i varieerides.

Tabel 4. Vee kontaktnurgad R-i varieerimise katsetes.

R EtOH EtOH MetOH MetOH PrOH PrOH
pihustamine | vurrkattur @ pihustamine @ vurrkattur  pihustamine @ vurrkattur

0.4 55 62 69 52 86 83
0.8 75 63 64 75 85 82
1.2 80 49 71 61 84 83
1.6 88 70 77 65 83 82
2 74 69 64 64 84 82
59 57 68 61 80 77

Uhtegi pindadest ei saa mdddetud kontaktnurkade pdhjal nimetada superhiidrofoobseks (alates

150°), mis enamasti saavutatakse struktuuri ja madala pinnaenergia koosmojus. Hiidrofoobsuse
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tostmiseks on vdimalik kasutada fluoriid-, metiitil- voi muude funktsionaalriihmadega

alkokstiiihendeid vai katta struktuurid hiljem hiidrofoobse kilega.

Joonis 9. Niiteid kontaktnurkadest ja SEM-i pildid vastavate pindade struktuurist. a,d)
vurrkatmisega valmistatud pind, millel vee kontaktnurk on 49°. Lahustina on kasutatud etanooli
ning R=1.2 ja S=9. b,e) pihustatud pind, millel vee kontaktnurk on 80°. Lahustina on kasutatud
etanooli ning R=1.2 ja S=9. c,f) pihustatud pind, millel vee kontaktnurk on 131°. Lahustina on
kasutatud etanooli ning R=1.2 ja S=1. Skaala vastab 5 um-Ile.
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5 Kokkuvote

Kéesoleva bakalaureusetod eesmairgiks oli sool-geel-meetodit mdjutavate parameetrite, nagu
lahusti tiitip, lahusti kogus, vee ja alkoksiidi moolsuhe, katmismeetod, keskkonna Shuniiskus ja
temperatuur, moju hindamine uudse sool-geel lahuses toimuva faasieraldusel pohineva
meetodiga valmistatud pinnastruktuuride suurusele, pindtihedusele ja geomeetriale. Valmistatud

pindu iseloomustati skaneeriva elektronmikroskoobiga ja vee kontaktnurga mdotmiste kaudu.
Pohilised tulemused ja jareldused on jargmised:

e Sool-geel faasieralduse meetodiga saadi tmarad pinnastruktuurid.  Lahuse
kontsentratsiooni varieerimine ja vee-alkoksiidi moolsuhte muutmine toovad kaasa
muutused pindtiheduses ja struktuuride geomeetrias. Struktuuride diameeter varieerus
vahemikus 200 nm kuni 20 pm ning pindtihedus vahemikus 5-200 struktuuri 100 pm?
kohta.

e Erinevaid lahusteid kasutades saadi kontsentratsiooni ja vee-alkoksiidi moolsuhet muutes
varieeruvad tulemused. Lahusti polaarsuse ja lenduvuse kasv toovad kaasa
pinnastruktuuride suurenemise. Kdige suurema diameetriga struktuurid saadi kéesolevas
t00s, kasutades lahustina metanooli ja kdige vdiksemad kasutades propanooli.

e Metanooli lahustega ldbiviidud katseseeria niitas, et tekkivate imarate pinnadetailide
suurus on varieeritav vahemalt vahemikus 500 nm kuni 20 pm.

o Katseseeriates, mille puhul kasutati lahustina propanooli, tdheldati selget
pinnastruktuuride pindtiheduse ja kontsentratsiooni vahelist sdltuvust. Seejuures jii
struktuuride suurus samaks.

e Vurrkatmine on ldhteaine koostise muutuste suhtes tundlikum ja pinnadetailide suurus
varieerub erinevate seeriate puhul enam. Pihustamisega on vdimalik valmistada suurema
diameetri ja kdrgusega ning sfdérilisemaid struktuure.

e Vee kontaktnurkade véértused jdid enamasti vahemikku 70-80°. Suurim leitud
kontaktnurga véartus oli 131°, mis méadrati poorsel kilel. Kdige suuremad kontaktnurgad
vee-alkoksiidi moolsuhte varieerimise katses maérati pindadel, mille valmistamisel

kasutati lahustina propanooli.
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Tulemuste pohjal voib Oelda, et sool-geel faasieralduse meetodi esmased parameetrite
varieerimise katsed vOimaldavad teatud mdidral kontrollida pinnastruktuuride suurust,
pindtihedust ja kuju. See annab vdimaluse valmistatud pindu disainida vastavalt vajadusele.
Niiteks voiksid valmistatud struktuurid edaspidi leida kasutust nii optiliselt funktsionaalsete

kui ka superhiidrofoobsete pindade edasiarendamisel.
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6 Summary

Micro- and nanopatterned surfaces prepared by novel sol-gel phase separation
method

The aim of this reasearch was to study the effect of reaction parameters such as solvent type,
solvent concentration, water-alkoxide molar ratio, coating method, humidity and temperature on
the size, surface density and shape of surface structures prepared by sol-gel phase separation
process. Surfaces were characterized by scanning electron microscope and water contact angle

measurements.
The main experimental results and conclusions are as follows:

e Round surface structures were obtained by sol-gel phase separation method. Varying
solvent concentration and water-alkoxide molar ratio resulted in change in the surface
density and geometry of structures. Diameter ranged from 200 nm to 20 um and surface
density from 5-200 structures per 100 pm®.

o Different solvents behaved differently in response to varying solvent concentration and
water-alkoxide molar ratio. Increase in solvent polarity and volatility led to increase in
size of structures. The largest structures were obtained by using methanol as a solvent
and the smallest by using propanol.

e Using methanol as a solvent, it is possible to vary diameters of structures from 500nm to
2 pm.

e When propanol is used, there is a direct correlation between surface density of obtained
structures and solution concentration .

e Spin-coating is more sensitive to variations in parameters of stock solution, and size of
surface structures varied most. Generally, stuctures via spraying were larger in diameter
and height and more spherical.

e The highest obtained water contact angle was 131° in case of obtained porous films. Most
of the WCAs obtained in case of surfaces covered by a single layer of surface features
were between 70-80°. In general, the highest WCAs were achieved, when varying the

water-alkoxide molar ratio using propanol as a solvent.
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Based on the results, it can be concluded, that size, surface density and geometry of round
structures can be controlled by varying parameters in sol-gel phase separation method. In order
to design patterned surfaces for specific applications, further targeted studies will follow in order
to optimize synthesis and coating parameters accordingly. For example, prepared structured
surfaces might be good candidates for developing optically functional or superhydrophobic

sufaces.
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9 Lisad

Lisa koosneb jargnevatest osadest:

e SEM-i pildid koigist katseseeriate kdigus valmistatud pindadest ja fotod nende pindade
kontaktnurkadest;

e L3putoo tulemuste pdhjal kirjutatud FM&NT 2013 konverentsi toimetis, mis on saadetud
avaldamiseks;

e Artikkel, mille valmimisel on kasutatud kdesolevas to6s tehtud pindu inimese naha
fibroplastide talitluse uurimiseks. Artikkel on kirjutatud koostd0s arstiteaduskonna ja
TUMRI kolleegidega.
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SEM-i pildid ja fotod kontaktnurkadest

Joonis 10. SEM-i pildid etanooli kontsentratsiooni varieerimise katseseeria
pihustatud pindadest. Etanooli kontsentratsioon kasvab reas a-e. Skaala vastab
5 um-le. Viiksematel piltidel on toodud samade katsete kontaktnurgad.
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Joonis 11. SEM-i pildid etanooli kontsentratsiooni varieerimise katseseeria
vurrkatturiga valmistatud pindadest. Etanooli kontsentratsioon kasvab reas a-e.

Skaala vastab 5 pum-le. Viiksematel piltidel on toodud samade katsete
kontaktnurgad.
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Joonis 12. SEM-i pildid metanooli kontsentratsiooni varieerimise katseseeria
pihustatud pindadest. Metanooli Kkontsentratsioon kasvab reas a-e. Skaala
vastab a-d) 5 um-le ja e) 50 um-le. Viiksematel piltidel on toodud samade
katsete kontaktnurgad.
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Joonis 13. SEM-i pildid metanooli kontsentratsiooni varieerimise katseseeria
vurrkatturiga valmistatud pindadest. Metanooli kontsentratsioon kasvab reas a-
e. Skaala vastab 20 pum-le. Viiksematel piltidel on toodud samade katsete
kontaktnurgad.
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Joonis 14. SEM-i pildid propanooli kontsentratsiooni varieerimise katseseeria
pihustatud pindadest. Propanooli kontsentratsioon kasvab reas a-e. Skaala
vastab a) 50 um-le ja b-e) 5 um-le. Viiksematel piltidel on toodud samade
katsete kontaktnurgad.
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Joonis 15. SEM-i pildid propanooli kontsentratsiooni varieerimise katseseeria
vurrkatturiga valmistatud pindadest. Propanooli kontsentratsioon kasvab reas
a-e. Skaala vastab 5 pum-le. Viiksematel piltidel on toodud samade katsete
kontaktnurgad.



Joonis 16. SEM-i pildid vee ja alkoksiidi moolsuhte varieerimise katseseeria
pihustatud pindadest, mille valmistamisel on kasutatud lahustina etanooli.
Moolsuhe kasvab reas a-f. Skaala vastab 5 um-le. Viiksematel piltidel on
toodud samade katsete kontaktnurgad.
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Joonis 17. SEM-i pildid vee ja alkoksiidi moolsuhte varieerimise katseseeria
vurrkatmisega valmistatud pindadest, mille puhul on kasutatud lahustina
etanooli. Moolsuhe kasvab reas a-f. Skaala vastab 5 pm-le. Viiksematel
piltidel on toodud samade katsete kontaktnurgad.
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Joonis 18. SEM-i pildid vee ja alkoksiidi moolsuhte varieerimise katseseeria
pihustatud pindadest, mille valmistamisel on kasutatud lahustina metanooli.
Moolsuhe kasvab reas a-f. Skaala vastab 50 pum-le. Viiksematel piltidel on
toodud samade katsete kontaktnurgad.
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Joonis 19. SEM-i pildid vee ja alkoksiidi moolsuhte varieerimise katseseeria
vurrkatmisega valmistatud pindadest, mille puhul on kasutatud lahustina
metanooli. Moolsuhe kasvab reas a-f. Skaala vastab 50 um-le. Viiksematel
piltidel on toodud samade katsete kontaktnurgad.
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Joonis 20. SEM-i pildid vee ja alkoksiidi moolsuhte varieerimise katseseeria
pihustatud pindadest, mille valmistamisel on kasutatud lahustina propanooli.
Moolsuhe kasvab reas a-f. Skaala vastab 5 um-le. Viiksematel piltidel on
toodud samade katsete kontaktnurgad.
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Joonis 21. SEM-i pildid vee ja alkoksiidi moolsuhte varieerimise katseseeria
vurrkatmisega valmistatud pindadest, mille puhul on kasutatud lahustina
propanooli. Moolsuhe kasvab reas a-f. Skaala vastab 5 pm-le. Vidiksematel
piltidel on toodud samade katsete kontaktnurgad.
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Influence of some system parameters on silica surface patterns
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Abstract. We have studied the effect of different coating methods and precursor compositions
on the size, surface density and shape of round surface structures prepared by phase separation-
based surface patterning method with potential application in preparing superhydrophobic
optically functional structural coatings. Increase in solvent polarity resulted in larger micro-
and nanosize surface features. Variation in precursor concentration and extent of initial
polymerization were shown to result in different surface densities and geometries of formed
features. The effect of different surface patterns on wettability was evaluated by WCA
measurements.

1. Introduction

Sol-gel method offers a variety of well established, facile and versatile technologies for flexible design
of materials for a wide range of applications, including optical devices [1], sensors [2], biomaterials
[3], coatings [4]. In addition to the possibility of preparing different pure [5], doped [6, 7], mixed
oxides [8] and hybrids [8, 9] at relatively low temperatures, sol-gel also enables in-situ control over
the nano- and microstructure of prepared materials during transition from sol to gel [10]. Micro- and
nanostructure of surfaces has a critical role in the design of superhydrophobic coatings [11] and sol-
gel has been applied in phase separation based strategies [12, 13] to achieve suitable micro- and
nanoroughness. In the case of self-cleaning windows, optical properties of obtained hydrophobic
surfaces are also a concern [14]. Sol-gel-based methods that are simple and can be applied on
industrial scale have been used to prepare films that, when coupled with low-surface energy, can have
water contact angles as high as 167° [15]. Nevertheless, such film coatings can compromise the
transparency of the glass due to numerous reflections and refractive surfaces. We have reported a
strategy based on phase separation in silicon alkoxide solutions that results in a single layer of round
surface features [16]. This method also holds considerable potential in designing optically functional
coatings, as each surface feature can be designed to act as a micro-lens. We hereby present our results
on the variation of several system parameters such as extent of precursor concentration, pre-
polymerization and solvent polarity on the formation of round silica surface features. The results
demonstrate the potential of the method for the development of single-step coating technology for
structural coatings with simultaneous optical and super-hydrophobic functionality.

2. Experimental
Patterned structures were prepared from solutions of partially hydrolyzed tetraethylorthosilicate
(TEOS) in different solvents. All chemicals were purchased from Sigma-Aldrich. Conventional acid-



catalyzed hydrolysis and polymerization of TEOS was carried to prepare sols. TEOS was mixed with
solvent on a magnetic stirrer, followed by the addition of water containing 3.5 % nitric acid to initiate
hydrolysis. Obtained solution was stirred for 1 h before coating on glass slides (2,5 x 2,5 cm) by spin
coating or spraying. For investigating the impact of solvent type, sol concentration and water-alkoxide
molar ratio on silica structures, different process parameters were applied. Solvent ratios
(solvent:TEOS) 1, 5, 9, 13 and 17 (S) as well as water-alkoxide molar ratios 0.4, 0.8, 1.2, 1.6, 2 and 4
(R) were tested with solvents propanol, ethanol and methanol. All samples were subsequently heated
at 200°C for 20 h to transform gel material into oxide.

Scanning electron microscope (SEM) graphs of silica domes were acquired with Tescan VEGA 11
SBU with accelerating voltage of 10 kV. The samples were previously sputter coated with a 5 nm
layer of gold using a SC7640 Auto/Manual High Resolution Sputter Coater. To estimate surface
hydrophobicity water contact angle (WCA) measurements were performed.

3. Results and discussion

In this study we examined the influence of reaction parameters such as solvent type, sol concentration
and water-alkoxide molar ratio on sol-gel phase separation process and subsequent formation of
surface features. Mostly, we obtained symmetric round surface structures with diameter ranging from
200 nm to 20 pm. Sol-gel phase is known to start with the nucleation of isolated domains of separated
phase, droplets of either solvent-rich or solvent-poor phase inside continuous solution phase domain
[12]. The process then proceeds to formation of bi-continuous two-phase system with a large phase
interface. In most cases where porous oxides are prepared, this kind of structure is also preserved by
optimized speed of solvent evaporation. In our case the volatile solvent is optimized to evaporate
before the evolution of continuous organosilica-rich phase (explained in figure 1). Nucleation is
followed by growth of the droplets and gradual diminishing of solvent-rich phase due to solvent
evaporation. In most cases we observed the formation of isolated round surface features formed from
the droplets on the surface after partial flattening of not fully gelled silica-forming precursor.

As expected, different coating methods, m
such as spin-coating and spraying, lead to TEOS
qualitatively different results. Spin-coating is
more sensitive to variations in precursor
compositions, results in sharper change in the
size of surface features. During the spin-
coating most of the material, which is applied
on the surface, spins off the surface, and the
thickness of the precursor layer in which the Nucleation of
phase separation occurs, depends on the organosilica-rich phase
viscosity. The latter is influenced by both
solvent concentration and extent of precursor
polymerization. With spraying, the domes tend
to be larger in diameter and height due to the -‘..1....-
larger thickness of precursor left on the
surface. The amount of precursor that stays on  Figure 1. Schematic illustration of used coating
the substrate is also less influenced by the processes and formation of surface patterns.
viscosity of the precursor. Additionally, as observed, some of the surface features formed in case of
spray coating were less flattened, in some cases not even to half-sphere geometry. That is the result of
solvent evaporation from the coated layer being slow enough compared to gelling, so that the viscosity
of the silica-forming phase preserves the droplet shape once the solvent has fully evaporated.

Varying parameters did not lead to clear linear changes in size and shape. Nevertheless, increase
in solvent polarity (propanol < ethanol < methanol) and volatility led to increase in the diameter of the
surface features. At the same time, the used solvents acted differently in response to varying sol
concentration and water-alkoxide molar ratio.

Solvent
Water

Application of
precursor

T N Solvent evaporation

Ripening of droplets




Varying propanol ratio resulted in decrease in the surface density of structures as propanol
concentration increased due to the lower material amount, which has stayed on the substrate during
spin-coating (figure 2a-d). However, dome diameter was not significantly affected. By spraying, there
was no such variation in density. As propanol has comparatively low polarity among used solvents,
phase separation has not occurred completely, resulting in formed surface featured being covered by
thin film layer. As R was varied, there was not noticeable change in dome size or density.

Figure 2. SEM images of series with variation of concentration in propanol (a — d) and methanol (e —
h) solutions. Scale bars correspond to 5 pm (a — d) and 20 pm (e — h).

When using ethanol as a solvent, the difference in coating method was clearly seen. Silica
structures via spraying were larger in diameter and height compared to the spun films. For example,
TEOS:solvent ratio 1:9 with R = 1.2 led to size change of about 10 times (figure 3a,b). Increasing R
led to slight increase in the surface density of the structures. With R = 1.6, the most spherical shape
features were observed (figure 3c).

Methanol behaved differently as a solvent compared to propanol and ethanol that were relatively
similar tendencies. Methanol is the most polar of the three, leading to fast complete phase separation
but is also the most volatile so TEOS component has not polymerized significantly by the time the
solvent has fully evaporated and the still liquid droplets can merge on the substrate. For that reason
relatively rather surface features or even films were formed by spraying. As TEOS:methanol ratio was
varied, spin-coating led to increasing domes as solvent concentration increased (figure 2e-h). Solvent
ratio S = 17 also resulted in continuous film.

In most cases WCAs of samples prepared by spraying were higher compared to the spin-coated
surfaces. Sprayed coatings with S = 1 and R = 1.2 in ethanol were estimated to have the highest
hydrophobicity, with WCA about 131° (figure 3d). However, these cases may be classified as porous

Figure 3. SEM images of silica domes from different series: spin-coated (a) and sprayed (b) structures
with ethanol, S =9, R = 1.2; sprayed structures with ethanol, S =9, R = 1.6 (¢); sprayed structures with
ethanol, S=1, R=1.2 (d). Scale bars correspond to 2 pm.



films. In case of surfaces patterned with round surface features, 88° WCA was achieved in case of
S=9, R=1.6 in ethanol. It is important to point out that the achieved shift towards hydrophobicity is the
effect of surface structure only, the surface energy resulting from surface chemistry of prepared
substrates is relatively high. To demonstrate that, a film was prepared in a similar fashion using aged
TEOS solution in which no phase separation occurred and a smooth film with no detectable roughness
was obtained. The WCA was estimated to be 25° in case of that reference sample.

4. Conclusions

Using different coating methods and suitable precursor compositions in sol-gel phase separation
surface patterning can be used for preparing round surface features with different size, surface density
and geometry. Different solvents, concentrations and initial extent of precursor polymerization were
used in spray- and spin-coating. Obtained results provide first proof of controllability and potential of
phase separation-based surface patterning method in the development of optically functional
superhydrophobic structural surface coatings.
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Abstract Physical characteristics of the growth substrate
including nano- and microstructure play crucial role in
determining the behaviour of the cells in a given biological
context. To test the effect of varying the supporting surface
structure on cell growth we applied a novel sol-gel phase
separation-based method to prepare micro- and nanopatterned
surfaces with round surface structure features. Variation in the
size of structural elements was achieved by solvent variation
and adjustment of sol concentration. Growth characteristics
and morphology of primary human dermal fibroblasts were
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found to be significantly modulated by the microstructure of
the substrate. The increase in the size of the structural ele-
ments, lead to increased inhibition of cell growth, altered
morphology (increased cytoplasmic volume), enlarged cell
shape, decrease in the number of filopodia) and enhancement
of cell senescence. These effects are likely mediated by the
decreased contact between the cell membrane and the growth
substrate. However, in the case of large surface structural
elements other factors like changes in the 3D topology of the
cell’s cytoplasm might also play a role.
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1 Introduction

Sol-gel, based on the hydrolysis and polymerization
reactions of silicon and metal alkoxides, is a range of
simple and flexible methods for preparing materials with a
variety of properties and shapes [1]. It has also been shown
to be suitable for tuning the nano- and microstructure of
surfaces, mechanical properties as well as chemical com-
position and functionality of materials [2].

Recent studies in the field of biointerfaces and material—
cell interactions have led to a common understanding that
cell behaviour can be influenced and possibly directed by
modifying properties of the environment surrounding the
cells [3-5]. Nano- and micro-topographical features [6, 7],
mechanical properties [8, 9] and chemical functionality
[10] of substrates have been shown to affect cell prolifer-
ation, migration [11], differentiation and morphology [12,
13]. These studies have been different materials. However,
sol-gel methods provide a platform for studying cell to
substrate interactions by varying all the abovementioned
properties of a system based on a single material. Fur-
thermore, the feasibility of using sol-gel method is also
supported by the fact that highly biocompatible [14] as well
as biodegradable [15] materials can be prepared.

In addition to conventional sol—gel film, fibre and tem-
plate-based material preparation methods covered in
detailed by reviews [1, 15, 16] phase separation-based
approach has received considerable attention. While com-
plicated chemistry and physics is often involved and process
optimization can be difficult, simple synthesis protocols
have been developed for preparing unique micro- and
nanostructured materials by phase separation in silicon and
metal alkoxide solutions [16, 17]. Generally, such methods
have been used to form a continuous solid phase with either
isolated voids or a network of interconnected pores or
depending on the nature and phase of the processes [18]. In
the present work we have applied a novel sol-gel phase
separation based method for designing micro- and nano-
patterned surfaces. Alternatively, silicon alkoxide droplets
are nucleated in continuous liquid phase, leading to the
formation of dome-shape silica micro- and nanostructures
on a substrate as the liquid phase is removed and silicon
alkoxide precursor gels. Previous studies demonstrate the
ability of silica to enhance differentiation and proliferation
of cells [19]. Similar patterned surfaces prepared by more
complicated lithographic methods have been used for opti-
cal and surface coating [20, 21] applications. However, such
round patterns can also lead to interesting results in inter-
action with cells due to their round, physiological-like shape
compared to edged nano- and micropatterns, which have
been used in most of the previous studies.

To determine the effect of the nanopatterned surfaces on
fibroblast growth, morphology and cytoskeletal organization,

@ Springer

we evaluated several markers of cell proliferation and
differentiation.

The ability of cells to adopt a variety of shapes and to
perform directed movements depends on the cytoskeleton,
a mesh of filamentous proteins consisting of three main
types of structures: actin filaments, microtubules and
intermediate filaments [22]. They are localized at different
sites within cells and they have different function. Together
with beta-actin, gamma-actin is an essential component of
the cytoskeleton in all non-muscle cells [23]. While beta-
actin is mainly localized in intercellular contact filaments
and stress fibers and is thought to have a substantial role in
contraction and cell attachment, then gamma-actins are
found inside lamellipodia, thereby being responsible for
cell flexibility and movement [24]. On an irregular surface,
cells respond to grooves with the actin cytoskeleton fibers
oriented parallel to the eminences [25, 26].

To test the effect of variation in the surface structure on
cell growth we applied a sol-gel phase separation-based
method to prepare micro- and nanopatterned surfaces with
round surface structure. Growth characteristics and mor-
phology of primary human dermal fibroblasts were found
to be significantly modulated by the microstructure of the
substrate. The increase in the size of the structural ele-
ments, lead to the increased inhibition of cell growth,
changes in the morphology (increased volume of cyto-
plasm, enlarged cell shape, decrease in the number of fil-
opodia) and enhancement of cell senescence, leading us to
the conclusion that the nanostructure of the local micro-
environment affects the growth and differentiation program
of normal fibroblasts.

2 Materials and methods
2.1 Silica structures

Patterned substrates were prepared from solutions of par-
tially hydrolyzed tetraethylorthosilicate (TEOS) in differ-
ent solvents. All chemicals were purchased from Sigma-
Aldrich. Conventional acid-catalyzed hydrolysis and
polymerization of TEOS was carried to prepare sols. TEOS
was mixed with solvent on a magnetic stirrer, followed by
the addition of water containing 3.5 % nitric acid to initiate
hydrolysis and obtain sols with water to TEOS molar ratio
1.2. Obtained solution was stirred for 1 h before coating on
12 mm borosilicate glass cover slips by spin coating at
2,000 rpm. From a large number of different obtained
samples, four were selected for subsequent cell seeding
experiments. The corresponding used sols were: TEOS:
propanol = 1:5 (resulting samples are referred to as
S1 below); TEOS:ethanol = 1:5 (S2); TEOS:methanol =
1:2 (S3); TEOS:methanol = 1:5 (S4). Spin coating
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resulted in the formation of patterns of different size nano-
and micro-domes. For a reference sample, smooth silica
surfaces were prepared from a sol: TEOS:hexane = 1:10
(Smooth). All samples were subsequently heated at 200 °C
for 20 h to transform gel material into oxide.

2.2 Cell culture

We used 15 paediatric skin tissue samples for isolating skin
cell cultures. Children were recruited from among elective
patients present at the Department of Pediatric Surgery,
Tallinn Children’s Hospital, with no concurrent diseases and
signs of infection. Skin tissues were normal skin margins
discarded during surgical procedures. The skin pieces were
transferred to the laboratory in 0.9 % NaCl solution at
+4 °C. Existing protocols of isolating and growing fibro-
blasts were used. The tissue was rinsed in phosphate-buf-
fered saline (PBS, w/o Ca, Mg; PAA Laboratories GmbH).
Subcutaneous fat was removed with surgical blade and the
remaining tissue was cut into 0.5 cm? pieces and incubated
in dispase II (2.4 U/ml dispase II, Sigma-Aldrich Co.;
diluted in PBS) at +4 °C overnight. After incubation the
epidermis was peeled off from the dermis with needles. A
piece of dermis was used for isolation of fibroblasts by
migration method. The dermis was rinsed in PBS, cut into
4 x 4 mm pieces. These pieces were attached onto a 10 cm
Petri dish and covered with 10 ml of DMEM (PAA Labo-
ratories GmbH) supplemented with 10 % fetal bovine serum
(Sigma-Aldrich Co.), penicillin (100 Ul/ml), streptomycin
(100 pg/ml) (PAA Laboratories GmbH) and amphotericin B
250 ng/ml (Sigma-Aldrich Co.). The culture medium was
changed every 2 days.

Subculture (passage) of cells was done at 90 % cellular
confluence maximum three times. Primary human fibro-
blasts were cryopreserved upon on-demand usage in ice-
cold 10 % dimethylsulfoxide (Sigma-Aldrich Co.) and
fetal bovine serum freezing solution. Subsequently, the
cells were resuspended in the culture medium and quanti-
fied using a hemocytometer counter. Before plating cells
onto nanopatterned surfaces, their growth curve was
determined at different densities. Finally the cells were
seeded onto a flat glass and nanopatterned cover slips
(12 mm diameter) in a 24-well plate at density of
3,000 cells/cm? for antibody and SA-P-gal staining and
10,000 cells/cm” for SEM.

2.3 Fluorescent microscopy

For actin antibody staining, cells on glass and nanopat-
terned coverslips were briefly washed with 1x PBS and
fixed in cold methanol (Naxo) and acetone (POCH,
Poland), both for 5 min. For Ki67 antibody staining the

cells were fixed with 3.7 % formaldehyde (Scharlab) in
PBS for 7 min at room temperature. Staining was per-
formed on the fifth day of culture. Fixed tissues were
rehydrated, washed with PBS/0.25 % Triton X-100-PBS
and blocked for 1 h with PBS/Triton X-100-PBS contain-
ing 5 % normal donkey serum (Jackson ImmunoResearch
Inc.). Incubation with mouse monoclonal IgG, anti-y-actin
primary antibody (Santa Cruz Biotechnology Inc.; 1:200)
and Ki67 rabbit monoclonal antibody (Epitomics Inc.;
1:500) was performed in 2 % blocking solution for 45 min
at room temperature and overnight at +4 °C. After wash-
ing, the slides were incubated with Alexa Fluor®
488-labelled donkey anti-mouse IgG (H + L) secondary
antibody and Alexa Fluor 594-labeled donkey anti-rabbit
IgG (H + L) secondary antibody (both 1:500, Life Tech-
nologies'™), respectively. Nuclei were counterstained with
DAPI (AppliChem; 1 pg/ml), followed by washing in PBS
and ultra pure water and mounting in fluorescence
mounting medium (Dako). Immunofluorescence micros-
copy was carried out with an Olympus FluoView FV1000
microscope, with a 60 x objective and images were
acquired with a Olympus FV10-ASW 1.6a software. For
counting of adhered cells, Zeiss Axiovert S100 inverted
microscope with a 5x and 10x objectives and AxioVision
Rel. 4.8.2, software were used. Typically, data was col-
lected from four randomly chosen fields from four cover
slips. Images were analyzed with Imagel] 1.45s software.
All graphs were gauged using Microsoft Excel Software.

2.4 Scanning electron microscopy

Cells on glass and nanopatterned cover slips were briefly
washed with PBS and fixed in Karnovsky buffer for 30 min
at room temperature on the third experimental day. After
washing in PBS, the cells were dehydrated through alcohol
gradient starting at 50 % ethanol up to 100 % ethanol.
Cover slips with the cells were subsequently transferred to
100 % hexamethyldisilazane (AppliChem) for 3 min and
air-dried at room temperature. The samples were previously
sputter coated with a 5 nm layer of gold using a SC7640
Auto/Manual High Resolution Sputter Coater SEM micro-
graphs were acquired with Helios NanoLab 600 FEI with an
accelerating voltage of 5 kV and cross-sections of samples
were previously cut using focused ion beam (FIB).

2.5 Atomic force microscopy

For investigating the morphology of structured surfaces
atomic force microscope (AFM) images were obtained
with Dimension® Edge™ AFM System (Veeco Instru-
ments Inc.) in tapping mode at room temperature. Height of
the surface features was estimated by using the Gwyddion
2.30 software.
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2.6 Histochemistry

Senescence associated B-galactosidase staining at pH 6.0
was performed according to [27]. To avoid confluence-
induced SA-B-gal activity, staining was carried out on
subconfluent cell populations on the fifth experimental day.
Subconfluent cells on glass and nanopatterned cover slips
were washed with PBS and fixed with 2 % formaldehyde
and 0.2 % glutaraldehyde (Naxo) in PBS buffer for 5 min
at room temperature. Followed by washing, the cells were
transferred into freshly prepared staining buffer for 16 h at
37 °C. After incubation the cover slips were washed with
PBS and methanol and air-dried. For imaging we used an
Olympus BX50 light microscope (Olympus Company Ltd)
and the Cell Imaging System Software (Olympus Company
Ltd).

3 Results

In this study we compared the growth properties of normal
human primary fibroblasts on silica surfaces with round
nano- and microstructural of different sizes to control cells
grown on smooth sol-gel prepared silica surface and
untreated borosilicate glass inserts commonly used for cell
culturing.

Samples S1, S2, S3 and S4 were covered with round
structures with estimated mean diameters of ~ 200 nm,
~500 nm, ~1pm and ~10 pm (Fig. 1) and mean
heights of ~90, ~210, ~200 and ~920 nm respectively.
Thus, increase in solvent polarity and volatility resulted in
decrease in the diameter of the TEOS phase droplets and
resulting dome structures that were deposited on the sub-
strates after solvent removal. Average height of structures

Fig. 1 Scanning electron microscopy graphs of silica domes in different sizes: S1 (a), S2 (b), S3 (¢) and S4 (d). The inset al shows

magnification of S1 surface

@ Springer



J Mater Sci: Mater Med

was evaluated from AFM images (Fig. 2), and approximate
surface density of domes was visually estimable, too.
Number of domes per 10,000 umz was 51,000; 24,000;
4,300 and 18 on S1; S2; S3 and S4, respectively. As evi-
dent from the comparison of S3 and S4, the size of
obtained bumps can also be influenced by the amount of
solvent in the sol. The surface of smooth samples showed
no observable roughness in SEM characterization.

Hydrophilicity of micro- and nanopatterned surfaces
was evaluated via water droplet contact angle measure-
ments resulting in contact angles about 48° (S1), 54° (S2),
15° (S3) and 34° (S4). Comparatively small contact angle
of S3 is caused by its rather flat domes (Fig. 1c).

Cells readily adhere, grow and proliferate on all studied
surfaces, indicating that the composition of the material is
compatible with cells. But the difference in cell morphology
on different topographic surfaces clearly shows the role of
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surface roughness in cell growth (Fig. 3a—c, g-i). Pretreat-
ment of glass with a thin layer of silica minimally increased
the growth rate of cells (data not shown) when compared to
cells grown on untreated glass inserts. When grown on flat
surface, fibroblasts usually maintain their normal spindle
shaped morphology (Fig. 3n). It has been shown previously
that, if maximal cell spreading is achieved, the shape of cells
changes from a more rounded form, associated with spread-
ing, to a more elongated spindle shape, which is indicative of
cell migration [28]. However, a portion of cells have acquired
abnormal morphology with enlarged cytoplasmic area or,
alternatively, have become stretched out and obtained a nar-
row cytoplasm and an oval nucleus (Fig. 3m, o). It has been
shown that such cells do not proliferate and represent most
probably either senescent or stressed cells, correspondingly
[29]. Senescence-associated beta-galactosidase (SA-pB-gal)
activity allows to detect cells undergoing a limited number of
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Fig. 2 Atomic force microscopy images of silica domes S1-S4 (a—d). The image size of S1 (a) and S2 (b) is 10 x 10 pmz, S3 (c) is
20 x 20 pmz, and S4 (d) is 100 x 100 prnz. The altitude scale is shown at the right of each image (Color figure online)
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doublings in culture before irreversibly arresting proliferation
(i.e. becoming senescent) [27] and thereby can show, how
different conditions or as in this case different nanopatterned
surfaces can induce or inhibit the proliferation of cells.

The existence of senescent cells was confirmed by SA-
[-gal staining, a marker of senescence, where positive cells
were significantly enlarged and occasionally had a surface
up to 10 times larger that of normal cells (data not shown).

The proportion of abnormal cells grown on S1 and S2
substrate was similar to the amount of atypical cells on the flat
surfaces (Fig. 4a). In contrast cells grown on S3 and S4 sub-
strates displayed increased proportion of enlarged cells and
decreased proportion of cells with narrow cytoplasm
(Fig. 4a). Furthermore, the amount of fibroblasts positive for
SA-B-gal staining was increased among cells grown on S3 and
S4, suggesting that increasing the dome size of the surface
increases the induction of cell senescence (Fig. 4b). Ki67
antibody staining recognizes a proliferation-specific nuclear
antigen expressed by proliferating cells in late Gy, S, G, and M
phases, but not in resting cells [30, 31]. It has been used widely
for the estimation of the growth fraction of normal cells in
culture. Previous studies have shown that the level of Ki-67-
positive cells decreased with time of culture and number of
cell passages [32]. To avoid this tendency, cells from the third
and fourth passage were used in our experiment.

In concordance with the enhanced cell senescence on S3
and S4 surfaces we found that the number of Ki67-positive
nuclei was slightly decreased in the cells grown on S3 and
S4 (Fig. 4c). To investigate the possible reasons behind
these observations we performed SEM imaging of the cells
grown on different surfaces (Fig. 3d—f, j—1). One striking
difference between cells grown on S3 or S4 is the lack of
filopodia (Fig. 3f, j). However, the cells grown on S4
stretch out long stress fibres instead (Fig. 3j).

Next we investigated the attachment of cells to the substrate
by imaging the vertical cuts of the cell-substrate interface by
FIB. The cells grown on S1 displayed tight attachment to the
substrate with no gaps present between the cell membrane and
the material (Fig. 5a). Cells grown on S2 attached incom-
pletely to the substrate with occasional gaps present (Fig. 5b).
These changes were more pronounced in cells grown on S3,
where cells were attached only to the domes and contact with
the substrate in between the domes was practically absent
(Fig. 5¢). Cells grown on S4 attached both to the domes and to
the space between them (Fig. 5d) suggesting that both the
presence of large domes and the ability of the cell to attach
completely to its substrate modulate the behaviour of cells.

4 Discussion

Conventionally, sol-gel phase separation methods are used
for preparing porous solids, covering the substrates

@ Springer

Fig. 3 Confocal fluorescence microscopy images of normal human »

dermal fibroblasts cultured on silica domes S1-S4 (a—c, g), smooth
surface (f), glass (i), with visible gamma-actin (Alexa Fluor® 488,
green) and nuclei (DAPI, blue). Red arrows mark location of domes.
SEM micrographs of cultured fibroblasts on silica domes S1-S4 (d—f,
J) correspondingly and on smooth surface (k), glass (I). Confocal
fluorescence images of fibroblasts with different morphology (m-o):
m enlarged cell; n spindle shape (normal) cells; o narrow cells. Cells
are labeled with anti-gamma actin (Alexa Fluor 488; green) and DAPI
(blue). Scale bar corresponds to 50 pm (Color figure online)

entirely. As demonstrated in the present paper, the process
can also lead to the formation of defined surface pattern
features, isolated solid structures on substrate, not altering
the topography in the remaining area of the substrate. In the
case described hereby, spherical domains of polymerized
TEOS are nucleated in a sol layer. As a layer of sol is
applied on a surface, solvent evaporation and further
polymerization of TEOS lead to the decrease in system
entropy, resulting in a increase in Gibbs energy and
enabling phase separation thermodynamically. Nucleation
is followed by droplet growth and gradual diminishing of
solvent-rich phase due to solvent evaporation. The latter,
accompanied by the progressive polymerization of silicon
species continues to shift the thermodynamical balance
between the two phases, resulting in further separation of
partially hydrolyzed and polymerized TEOS. Nevertheless,
due to the negligible solubility that still remains and
affinity between TEOS and the glass substrate, a thin
continuous film is still formed on the substrate as well.
Therefore, the surface chemistry does not vary between the
differently patterned silica surfaces, even in the flat portion
of the substrates. While TEOS that is undergoing contin-
uous polymerization and condensation is still liquid until
gelation, the spherical droplets are deformed after setting
on the glass substrate. Depending on the speed of TEOS
condensation and solvent evaporation, it is also possible
that nucleated droplets join to form larger phase domains
by coming into contact during growth or movement on the
substrate. Latter explains the observed deviations from
spherical dome shape that appeared in some cases.

In order to effectively achieve variation in the size of
obtained surface structures that would be sufficient to
achieve the objectives of present paper, different alcohols
were used as solvents. Volatility and molecule dipole
moment increases in the direction propanol-ethanol-
methanol. As the size of obtained structures increases in
the same direction, it can be deduced that in case of pro-
panol nucleation of domains of non-polar phase is pre-
ferred, as the methanol case supports the growth of already
nucleated TEOS droplets. Alternatively, larger structures
can also form from initial small TEOS domains after the
solvent is removed and liquid droplets, that have increased
mobility on dry substrate due to poor wettability, join to
minimize surface energy before gelation. The size of



J Mater Sci: Mater Med

@ Springer




J Mater Sci: Mater Med

a % of atypical morphology
20

B Narrow

16 4

OEnlarged

12 4

> & P @ & &
« ¢

b b-gal positive per 105 cells
35 «

30 +
25 +

¢ & @ & &
&0

c
100 -

80 4

60 4

40

20 4

% Ki67 positive

Fig. 4 Graphs describe the percentage of cells with atypical morphology (a), ratio of SA-B-gal positive per 10° normal cells (b) and mean
percentage of Ki-67-positive cells per total number of cells (¢). Error bars £ SD

Fig. 5 SEM micrographs of
cross sections (performed with
focused ion beam) of fibroblasts
on silica domes S1 (a), S2 (b),
S3 (¢) and S4 (d) indicate cell-
surface integration between
different sizes of domes
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obtained surface structures was also modified by sol con-
centration in case on S3 and S4. Lower TEOS concentra-
tion in sol increases the time of droplet growth and results
in larger gel structures.

The contact angle and therefore also the height and
geometry of vertical intersection of formed bumps is
influenced by wettability of partially condensated TEOS on
used substrate. Therefore, hydrophilicity of underlying
substrate presents an additional tool in the design of desired
surface structures. However, in present stage of studies, no
effort was made in this direction.

Described novel method is adaptable to a wide range of
different material compositions that can be prepared by
sol-gel strategy and in addition to discussed means of
modification and tuning of obtained surface structures,
different extents of sol hydrolysis and condensation can
also be applied.

The properties of a growth substrate are known to
modulate the growth and behaviour of cells attached to it
[33]. We studied the effect of the surface structure to the
morphology and growth properties of primary human der-
mal fibroblasts and found that both the lack of complete
attachment of a cell to its substrate and the presence of large
irregularities on the substrate surface induce morphological
changes characteristic to cell senescence. The attachment
deficit is likely caused by the inability of the cell membrane
to bend between the domes present in S3 and results in the
increased distance between the cellular anchoring points.
Most of the domes present in S1 and in S2 one the other
hand were successfully integrated into the cell membrane
due to their smaller size and did not markedly influence the
attachment of the cell to the surface. These data are in good
correlation with the observation that increase in the dis-
tances between cell’s anchoring points results in enhanced
differentiation of epidermal and mesenchymal stem cells
[34]. In the case of S4, the cell was able to spread over the
domes due to the wide bending angle and long distance
between them. Although this resulted in the complete
attachment of the cells to the substrate, the presence of
protrusions, which affect the 3D organization of the cyto-
plasm, affected the cells ability to proliferate and induced
senescence. We point out that the structure of the surface is
of utmost importance for the regulation of the cells’
behaviour, implying that while designing new biological
surfaces for cell growth, the structure of the materials
remains an important issue, which cannot be overlooked.

5 Conclusion
Silicon and metal alkoxide based sol-gel strategies enable

the variation of surface structure, mechanical and chemical
properties of materials, all of which are relevant in

designing biomaterials and investigating cell to material
interactions. In present study we applied a novel sol-gel
phase separation-based method for the preparation of pat-
terned silica surfaces with round nano- and microscale
features from simple TEOS-alcohol sol compositions.
Tunability of the method was demonstrated by variation of
solvent and sol concentration, resulting in the formation of
dome-shape silica structures with diameters ranging from
~200 nm to ~10 pm on glass substrates.

Importance of this study is related to tissue engineering
in purpose to provide the environment for cells, which
would enhance viability, proliferation, and controlled dif-
ferentiation into specific cells, meanwhile maintaining
normal shape and functioning of the resultant tissue. Based
on the first results obtained in this study, further studies are
planned to investigate the influence of variation in chem-
ical composition, mechanical properties as well as func-
tionality of sol-gel material systems in order to compose a
systematic library of cell-material interactions based on a
single material system.
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